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TECHNICAL MEMORANDUM 


PROJECT ORION: ORBITAL DEBRIS REMOVAL 
USING GROUND-BASED SENSORS AND LASERS 

EXECUTIVE SUMMARY 


A study was initiated in 1995 by NASA, co-sponsored by the U.S. Air Force (USAF) Space 
Command, to determine the feasibility of removing the bulk of the threatening orbital debris in low-Earth 
orbit (LEO) by irradiating it with a ground-based laser. The laser energy ablates a thin surface layer from a 
debris particle, causing plasma blowoff. The dynamic reaction from one or more laser hits lowers the peri- 
gee of the orbit and hastens reentry. 

The study was undertaken as an initiative of the Advanced Concepts Office at NASA Headquarters 
(HQ), and managed by the NASA Marshall Space Flight Center (MSFC). The study team included USAF 
Phillips Laboratory, MIT Lincoln Laboratories, NASA MSFC, Northeast Science and Technology, 
Photonic Associates, and the Sirius Group. 

A wide range of objects in orbit are characterized as orbital debris. The size range of greatest inter- 
est is 1 to 10 cm. While objects smaller than 1 cm are extremely numerous and difficult to detect, shielding 
against them is straightforward, although somewhat expensive. Objects larger than about 10 cm are rou- 
tinely tracked, and their numbers are small enough that operational spacecraft can maneuver to avoid them. 
There remain about 150,000 objects between 1 and 10 cm in size. They are problematic to track, too 
numerous to avoid, and shielding against them is very difficult or expensive. 

NASA believes that the debris population likely to exist during the life of the International Space 
Station ( ISS) is high enough that limited protection measures are being incorporated into the ISS program. 
These will protect it against objects up to about 2 cm in diameter. 

Various strategies for irradiating the debris objects were analyzed, including those that engage 
objects in several passes over the laser, and those in which immediate reentry is caused by irradiation dur- 
ing a single pass. The latter is operationally the simplest: fire at any debris object the sensors show to be 
approaching in favorable circumstances, without regard to whether it has been previously irradiated or not. 
The former requires a plan such as our “steady rain” approach to guarantee that the risk to space assets 
does not temporarily increase at any orbital altitude. 

The statistical characteristics of the debris population are reasonably well known. Five different 
representative debris objects were defined as reference targets to deorbit. The orbital distribution of the 
debris particles was addressed, and the velocity change needed was determined to be a few hundred meters 
per second — sufficient to cause the perigee to drop to 200 km. Achieving a 200-km perigee reduces a par- 
ticle’s expected lifetime in orbit to a few days. 

The interaction of laser beams with these debris objects was characterized, and the range of 
coupling coefficients of the resulting plasma blowoff determined from both experiment and theory. The 
required incident beam intensity and duration at the objects was then determined in order to cause the 
velocity change necessary for reentry within a few orbits. It was determined that the laser has to place 
many vet^ short pulses on the objects to avoid self-shielding of the generated plasma at the object. The 
intensity of the irradiation was also determined. 

Once the requirements at the debris objects were understood, the required ground laser characteris- 
tics were then defined, considering the effects of the atmosphere on the beam. Effects included in the cal- 
culations were turbulence, absorption, stimulated Raman scattering (SRS), stimulated thermal Rayleigh 



scattering (STRS), whole-beam thermal blooming, and nonlinear refractive index. A graphical technique 
was developed that enables selection of the optimum laser for this system. 

A number of options for detection, acquisition, tracking, and handoff of debris targets to the laser 
were investigated. These included radar, passive optical, active optical using the laser itself, and combina- 
tions of these. In addition, a novel detection technique was analyzed that uses the many communications 
spacecraft that are or will soon be in orbit as “free” illuminators to form a bistatic surveillance system. 

A spectrum of system concepts was developed, each of which meets some or all the system goals. 
These concepts span a range of costs and technology challenges. In addition, a demonstration of the capa- 
bility on actual debris could be mounted using mostly existing assets for about $20 million. 

The nearest term operational system would consist of a Nd:glass laser operating at 1 .06 mm with a 
pulse width of 5 ns operating at a rate of 1 to 5 Hz. It would have 3.5-m diameter optics, operate with a 
sodium guide star, and produce 5-kJ pulses. This system would cost about $60 million, and would cause 
the reentry of essentially all debris in the desired size range in 2 years of operation, up to an altitude of 800 
km. This system would be sufficient to protect the ISS as well as all other satellites in LEO below 800 km, 
including the planned Iridium and Teledesic systems. 

More ambitious technology systems were defined that have the ability to remove all such debris 
objects up to an altitude of 1 ,500 km. This would extend protection to the Globalstar system as well as 
other civilian and defense assets. This more advanced system would require an additional $80 million and 
an additional year of operation. 

A cursory analysis indicated that a system of this type is not inherently an antisatellite weapon, 
being relatively very weak. It would have to illuminate a typical spacecraft continuously for years to 
destroy its structure, and months to make major changes in its orbit, though unintentional damage to some 
sensors and other subsystems would be possible. 

Due to the inherently national character of such a system, if serious interest develops to pursue the 
capability, it is likely that the Department of Defense (DOD) should be the preferred agency to develop and 
operate it for the benefit of all spacecraft, be they commercial, civil, or defense. 

The study concluded that the capability to remove essentially all dangerous orbital debris in the tar- 
geted size range is not only feasible in the near term, but its costs are modest relative to the likely costs to 
shield, repair, or replace high-value spacecraft that could otherwise be lost due to debris impacts for debris 
particles greater than about 1 cm in size. Due to the difficulty in detecting debris smaller than about 1 cm, 
and their great numbers, the presence of an ORION system would not obviate the need to shield high- 
value, large, long-lived spacecraft to resist impacts of debris particles that are about 1 cm in size and 
smaller. 

The study concluded that a demonstration system should be undertaken to demonstrate, at low 
cost, the ability to detect, track, illuminate, and perturb the orbit of an existing particle of debris. 

The study also concluded that the bistatic detection technique could form a needed augmentation to 
the current space surveillance systems, particularly in the Southern Hemisphere. 
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1. INTRODUCTION 


Project ORION was undertaken as an initiative of the Advanced Concepts Office at NASA Head- 
quarters, and managed by NASA MSFC. The study team included USAF Phillips Laboratory, MIT 
Lincoln Laboratories, NASA MSFC, Northeast Science and Technology, Photonic Associates, and the 
Sirius Group. 

The orbital debris population has increased at a linear rate since the exploration of space began. 
Most of the mass of the debris in orbit is in the form of large objects: inactive payloads and rocket bodies. 
Most of the risk to space assets, however, comes from smaller objects. The small objects are mission- 
related debris, such as bolts that separate in the deployment of payloads and, most importantly, fragments 
resulting from degradation, explosions, and collisions in space. 

If enough large objects are placed in orbit, the growth in the debris population will change from 
linear to exponential. This is a result of the collisions between large and small objects. The population may 
already have reached the threshold for exponential growth in certain altitude ranges. Some mitigation 
measures have, therefore, been put into place and others are being discussed. 

One mitigation measure already being used is spacecraft shielding. This technology reduces the 
risk of catastrophic damage, and the production of more fragments in orbit, in collisions with debris up to 
about 1 cm in diameter. For the ISS this protection will be extended up to about 2 cm for critical areas. 
There is no technology presently available at a reasonable cost to shield against debris greater than about 
2 cm and traveling at 10 km/s mean relative speed. This is because the shielding weight penalty is an 
exponentially increasing function of the maximum size of the debris. 

The additional shielding required just to extend the ISS protection envelope from 1-cm debris par- 
ticles to 2 cm weighs about 10,000 lb. For a launch cost of $10,000 per lb, the cost simply to launch this 
shielding is on the order of $100 million. Development, fabrication, and integration could double the cost. 
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Avoidance maneuvers are another measure already being used to deal with orbital debris. These are 
effective for avoiding objects larger than about 10 cm in diameter. Objects this size or larger can be tracked 
reliably and their orbits predicted well enough to allow the debris to be avoided. This method only applies 
to assets that are maneuverable, and is relatively expensive in that it requires additional propellant. 

Presently on the drawing board are a few other concepts that may eventually be useful. These 
include a maneuverable “catcher’s mitt” unattached payload for the space station. Devices such as these are 
inherently expensive and may not be able to respond quickly enough to prevent collisions. 

Neither shielding (due to the weight penalty) nor maneuvers (because of the difficulty of tracking 
and generating reliable orbit elements) are sufficient to mitigate debris in the 2- to 10-cm regime. Approxi- 
mately 150,000 1- to 10-cm debris particles are currently estimated to be orbiting the Earth. The majority 
of this debris is found from 200 to 1 ,500 km in altitude. The maximum of the distribution as a function of 
altitude is found around 1 ,000 km. This peak is thought to be dueprimarily to a single event, the leakage 
of metal coolant from the damaged reactor of a Russian satellite. Tne remainder of the distribution reveals a 
more uniform distribution with altitude. The maximum density as a function of inclination is at roughly 40° 
to 60°. 


A natural mechanism for the removal of objects in LEO is drag in the upper atmosphere. Drag 
brings objects gradually to lower orbits until they eventually bum up in the lower atmospnere. The natural 
decay time for a particle decreases rapidly for lower orbits, but in orbits above 500 km many years are 
required. This study explores ways of accelerating this natural mechanism by altering the orbits of debris 
particles with laser energy beamed from the ground. 

Heating the surface of a debris particle with a sufficiently intense laser beam ablates and ionizes a 
thin layer of material. The particle experiences a small but significant momentum change. A sufficient 
number of such interactions, delivered at well-chosen times and positions, can change the particle’s orbit 
and cause it to reenter sooner than it would otherwise. 

At the energies we are considering in this study, we will not be completely vaporizing the debris 
particles, nor will they be fragmented into a large number of smaller bits. Instead, we have found a means 
of deorbiting the debris in the 1- to 10-cm range, the range that is expensive to shield against and difficult 
to track reliably. It will still be necessary to study mitigation options (such as more powerful laser sys- 
tems) to address the longer-term but lower-risk problem of larger debris. 

It is also recognized that large, long-lived spacecraft such as the ISS will need some shielding even 
if an ORION system is deployed. This is because the flux of debris particles smaller than 1 cm is relatively 
large, and the small particles are nearly impossible to detect with present technology. Collisions can result 
in extensive damage to unshielded spacecraft. 

The overall objective of the study was to determine the technical feasibility, the cost, and the devel- 
opment time for using ground-based lasers and sensors to remove 1- to 10-cm sized debris from LEO. 
Tnis was further divided into the following specific subobjectives: 

A. Protect the ISS and other assets in LEO to an 800-km altitude 

B. Protect all Earth-orbiting assets to a 1 ,500-km altitude. 

We will show that ORION systems that accomplish these objectives may cost less than the amount 
needed just to shield the ISS from debris between 1 ana 2 cm in size, and would have the potential to pro- 
tect not just the space station but all other assets in LEO below about 1 ,500 km. 

This report is in the form of a summary followed by seven technical appendices. The appendices 
provide a deeper technical discussion of our analyses. 

Sections 2, 3, and 4, which follow this introduction, develop three sets of physical constraints on 
the ORION system. Section 2 is concerned with the debris properties: their sizes, compositions, and dis- 
tribution in space, and their optical and radar properties. The interaction of solid targets with intense laser 
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beams is considered in section 3. Section 4 is concerned with the propagation of an intense laser beam 
through the atmosphere. In section 5, we synthesize the physical and programmatic constraints into a set 
of requirements for a system. In sections 6 and 7, we discuss existing technology as it relates to the sys- 
tem requirements. Section 6 deals with high-energy lasers and related technology, while section 7 is con- 
cerned with sensors and tracking. Section 8 contains our feasible options along with cost estimates. In 
section 9, we distinguish the ORION concept from anti-satellite weapons. Section 10 summarizes the 
study, and section 1 1 presents our conclusions. We follow this with our recommendations in section 12. 

Appendix A was prepared by Dr. James P. Reilly of Northeast Science and Technology. It is a 
thorough analysis of solid-state laser technology as it applies to ORION. In particular, it addresses issues 
of allowable pulse duration versus extracted energy density, and the cooling requirements of repetitively 
pulsed solid-state lasers as functions of pulse energy. The cooling requirements take into account both 
beam quality reduction and fracture. Appendix B, also by Dr. Reilly, is a unified evaluation and side-by- 
side comparison of all debris-object acquisition schemes. These analyses all used a common analysis 
approach, current state-of -the-art focal plane and optical telescope technology capabilities, and current 
state-of-the-art microwave detectors and transmitter technologies. Common success criteria are applied to 
all detection techniques. 

Appendix C, prepared by R. Sridharan of MIT Lincoln Laboratories, expands on microwave and 
optical tracking systems for ORION. The present orbital debris environment and engagement strategies are 
discussed. 

Claude Phipps of Photonic Associates prepared appendix D. It contains a complete discussion of 
the laser-target interaction. In addition, it deals with the critical effects of nonlinear processes in the atmos- 
phere on pulsed laser beam propagation. These effects include SRS, STRS, and nonlinear refraction and 
self-focusing (n 2 ). Appendix C also deals with the relationship between laser-produced impulse and 
reduction of debris orbital lifetime, laser and systems design, system demonstration, and first-order cost 
models. 

Appendix E was contributed by Glenn Zeiders of the Sirius Group. Atmospheric linear propaga- 
tion and adaptive optics are treated thoroughly. Also in appendix D are discussions of lifetime of debris in 
orbit and engagement geometries that reduce the lifetime. Optical system design, including a coelostat 
design for the laser installation, is included. 

Appendix F, by William Dent of Dent International Research, Inc., compares the options available 
in high-power lasers. It concludes with an indepth review of Ndrglass laser technology. 

The bistatic detection of orbital debris with communications satellites is treated in appendix G. It 
was prepared by Richard C. Raup of MIT Lincoln Laboratories. 


2. THE DEBRIS PARTICLE 


One set of constraints on the design of both the laser and the sensor systems is the range of char- 
acteristics of the debris particles. The microwave reflectance sets the size and power needed if a radar 
facility is to acquire and track objects. Similarly, the optical reflectance determines the size of an optical 
tracking system. The optical reflectance also plays a role in the laser system design, since laser reflection 
from a target decreases the momentum transfer. The ablation and ionization properties of the particle sur- 
faces also set requirements on the size, pulse duration, and power of the laser. 

The roughly 150,000 particles in the size range from 1 to 10 cm, which are the object of this study, 
can be classified into five distinct groups. Our approach was to examine each category in order to establish 
minimum requirements for the sensor and laser systems. The requirements for the categories can then be 
compared and the requirements assembled for a system that deals with all five categories. 
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2.1 Debris Distribution in the 1- to 10 -cm Size Regime 

A great deal of work has already been accomplished in characterizing the debris cloud surrounding 
the Earth. The Haystack radar system of MIT Lincoln Laboratories has done pivotal work in this regard. 
The work is described more fully in appendix C and is illustrated below. 

A sample of the Haystack debris measurements is shown in figure 1 . The top part of the figure 
shows the number of particles detected pier hour in bins of 50-km altitude each. It shows that relatively few 

8 articles are detected below 500 km, and that the number of detections per hour rises to a level of about 
.1 per hour per 50-km altitude bin between 500 and 1,500 km. The flux of detectable objects is defined 
as the ratio or the rate of passage of detectable objects to the cross-sectional area through which they pass. 
The flux must be calculated from the detection rate in each altitude bin, taking the geometry into account. 
The derived flux is shown in the lower part of figure 1 . It shows a distinct peak in the flux at an altitude of 
1 ,000 km. 



Altitude H, km 



oooooooooooooo 
oooooooooooo oo 
co-»ruoc£>r^cocr>o-»— cmco^locd 


Mean Orbital Altitude, km 


Figure 1 . Haystack measurements of debris count versus altitude in 50-km altitude bins 
and derived flux of objects into cylindrical beam. 
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There are several implications of the orbital debris measurements from the ground. First, debris is 
found at all altitudes ranging from below 200 km to above 1 ,500 km. Flux varies with altitude, with a 
maximum at about 1 ,000 km. Recall that debris above 500 km will remain a threat for years due to mini- 
mal drag. Debris below 200 km will reenter in a few hours or days due to drag. Finally, and perhaps the 
most important point, is that there is an existing radar, Haystack, which has proven that radar can detect 
and track 1- to 10-cm debris in the altitude range of interest to the ORION study. 

With respect to the distribution of particles, two requirements were set for ORION. System A, cor- 
responding to subobjective A, is intended to protect the ISS and over 300 other satellites below 800 km. 
Configuration B is intended to protect all assets below 1 ,500 km. Figure 2 compares the orbital debris 
population in LEO, the present and projected near-term LEO satellite distribution, and the ranges of 
ORION subobjectives A and B. The left-hand graph displays Haystack estimates of total numbers of 
debris particles in 100-km altitude shells. Altitude is now on the vertical axis. The center graph shows the 
distribution of present and near-term space assets on the same altitude scale. The bar graphs on the right 
show the altitude ranges addressed by ORION systems. 


Debris Population 


Resident Space Object Population 



Number of Debris Objects in 100 km Shell Number of Payloads in 100 km Shell at Altitude 


ORION 

System 

B 



ORION Systems will provide protection both for existing low-altitude assets 
and near-term government and commercial payloads 

System A: 200 km to 800 km orbital altitude cleared of debris 
System B: 200 km to 1500 km orbital altitude cleared of debris 

Figure 2. Comparison of ORION protection for existing LEO assets with debris distribution. 


2.2 Debris Categories 

Surprisingly, the existing debris distribution can reasonably be organized into as few as five major 
categories: Na/K spheroids (reactor coolant), carbon phenolic fragments, multilayered insulation (MLI), 
crumpled aluminum, and steel tank rib supports. The laser interactions with and radar characteristics of 
these categories are part of the first set of parametric requirements on the laser and the sensor systems. The 
characteristics are displayed in figure 3. They include the inclination, apogee, perigee, area-to-mass ratio, 
actual size. Bond albedo, Dv required for deorbit, and the estimated number of particles. 
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Debris Target Matrix 


Target 

A 

B 

C 

0 

E 



Carbon 

MU 



Description 

Na/K Sphere 

Phenolic 

Fragment 

(Plastic/At 

Surfaces) 

Crumpled 

Aluminum 

Steel Tank Rib 
Support 

Inclination (deg) 

65 

87 

99 

30 

82 

Apogee (km) 

930 

1190 

1020 

800 

1500 

Perigee (km) 

870 

610 

725 

520 

820 

A/m (cm 2 /gm) 

1.75 

0.7 

25 

0.37 

0.15 

Actual size (cm) 

1.0 

1x5 

0.05x30 

1x5 

1x10 

Bond albedo 

0.4 

0.02 

0.05/0.7 

0.05/0.7 

0.5 

Optimum C m (dyne~s/J) 

6±2 

7.5±2 

5.5±2 

4±1 .5 

4±1 .5 

Av required (m/s) 

190 

110 

140 

90 

160 

Estimated number of targets 

50 k 

20 k 

60 k 

10k 

10k 


Figure 3. Orbital debris particle characteristics matrix. 

Most of the estimated 150,000 debris particles in the 1- to 10-cm size range are in orbits at inclina- 
tions ranging from 30° to 99°. This has implications for the laser site selection. Tne latitude requirements 
are somewhat relaxed. The use of Haystack itself, in remote association with a laser site at a clear weather, 
clear sky location (such as Albuquerque or China Lake) becomes an intriguing possibility. 

Only the Na/K spheres (about 50,000 particles) are in nearly circular orbits. The remainder of the 
debris particles travel in elliptical orbits ranging from 1,500-km apogee to 520-km perigee. For example, 
the bulk of the carbon phenolic fragments are in highly elliptical orbits with apogees around 1,190 km and 
perigees around 610 km. Since the inclination of these orbits is about 87°, they constitute a risk to all 
space-based assets in this range; and, since the main source of debris in orbits from 200 to 500 km is 
material entering this range from above, they are a risk to practically all assets with orbits below about 
1 ,200 km. 

The multispectral reflectivity of the debris particles has been investigated. The requirements pre- 
sented to the sensor and laser systems hold no maior surprises. The microwave reflectivity of about 0.1 is 
manageable to more than a 2,000-km slant range by current, proven radar technology such as Haystack. 
Reflection at 1 .06 microns to more than a 2,000-km slant range is expected to be sufficient to enable fine 
tracking using a laser radar. Reflection in visible light is expected to be more than sufficient to allow sun- 
light tracking at appropriate times during the day to more than a 2,000-km slant range. A 2,000-km range 
in these categories is tne maximum needed to track debris at 45° in elevation and 1,500 km in altitude. 

A final conclusion from figure 3 bears on the laser system requirements. Orbital calculations of the 
cumulative Dv required to deorbit particles from the five categories on a single pass found them to be in the 
range from 90 to 190 m/s. For more detail, refer to appendix D. 
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2 .3 Particle Engagement Strategies 

The 200-km altitude is defined as ORION’S threshold for success based on independent results 
from orbital models developed at the USAF Phillips Laboratory, NASA/MSFC, and NASA/Johnson 
Space Center (JSC). The product TA/m (lifetime times cross-sectional-area-to-mass ratio) is graphed in 
figure 4. As an example of the use of the figure, first find the 200-km perigee altitude on the horizontal 
axis Read up to the curves and find that TA/m a 1 cm 2 day/g. Next, as a worst case, look up the lowest 
A/m in figure 4, which is 0. 15 cm 2 /g for a steel part. Finally, divide this into TA/m and find that the 
expected life in orbit is about 7 days. In other words, a typical debris particle will reenter in a few days due 
to atmospheric drag as it approaches a perigee less than 200 km. For the same A/m at 500 km perigee, the 
natural decay time is approximately 18 years. 


The Producl TA/m in orbit, Depending 
on Orbital Elements 


1E+14 


1 E+13 


1E+12 


1E+11 
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1El9 
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1E+7 
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1 E+6 


1E+5 


1 E+4 


1E+3 


1E+2 


1E+1 


1E+0 


IE-1 


IE-2 


IE-3 


0.100 


0.010 H 


8 


0.001 


1E+4 


1E+3 

Perigee altitude h p (km) 


1E+2 


Figure 4. The product of lifetime and area-to-mass ratio as a function of perigee altitude. 
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The increase in lifetime with increasing altitude is one ingredient in a recipe for modeling the time 
evolution of the debris population. It is true that a particle in the lower part of the 200-500 km altitude 
range exits in a short time due to drag. It takes a much longer time for any one particle to move into the 
upper part of the range from above. This is offset by the greater number of particles at the top part of the 
range. Also, it is the more hazardous particles, with low area-to-mass ratios, that traverse the altitude range 
most slowly. In the 1 8 years it takes the particle of the previous example to move through the 200- to 500- 
km altitude range, many more space operations take place, with the predictable result that the debris popu- 
lation grows linearly or exponentially in time. One finding of the NRC Committee on Space Debris 1 is that 
even with current mitigation measures, the orbital debris population in LEO will continue to grow at a lin- 
ear rate (if not an exponential rate) until well into the next century. Only after many years of both current 
and new mitigation measures could the population begin to fall. 

High laser intensity on the surface of the particle is a key requirement for generating sufficient Dv 
for deorbit. Two basic operational strategies are available. The first is called one pass, one deorbit, and the 
second is called steady rain. In the former strategy, the particle is detected soon after it rises above the 
horizon and a sufficient number of high energy laser pulses are brought to bear on the surface of the par- 
ticle. Each pulse ablates a thin layer of the surface and subsequently ionizes it. The reaction causes a small 
change in the particle’s orbit. Sufficient pulses on one pass bring the perigee below 200 km, which is our 
definition of a successful deorbit. 

The second strategy is to engage lower altitude particles before higher altitude ones. The idea is to 
walk down, from high to low, a train of particles while actually reducing the risk to space-based assets. 

For example, 100-km bands could be established. First, only particles in the 200- to 300-km range would 
be allowable targets. A particle would be lowered from the 200- to 300-km band to below 200 km. Only 
when a particle is removed from this range would it be permissible to engage a particle in the 300- to 400- 
km band. As a particle from the 300- to 400-km band falls into the lower band, the risk to assets in the 
lower band is no higher than it had been at first, for one particle was removed at the beginning. 

Then, particles in both the 200- to 300-km and the 300- to 400-km bands would be eligible to be 
engaged. However, the prerequisite for engagement in the 400- to 500-km would be a particle lowered 
from the 300- to 400-km bands and the 200- to 300-km bands. This same scheme would be followed in 
moving to higher altitudes. This steady-rain strategy eliminates the possibility of a temporary increase in 
risk to space assets caused by failure to deorbit a particle in a single pass. Post-engagement tracking is 
desirable in this case, to verify that the particles have indeed been moved to lower orbits. 

As will be discussed later, the Dv’s required are such that the one-pass, one-deorbit strategy 
should be workable for the majority of the debris we have categorized. This means that substantive tech- 
nical margin is offered by having the steady-rain option as a backup operational approach. More details on 
the strategies are supplied in appendix C. 


3. THE PARTICLE/LASER INTERACTION 


The previous section dealt mainly with the debris characteristics that set limits on their detection, 
identification, and tracking. This section deals with the characteristics of materials thought to be present in 
the debris when they are exposed to high intensity light. The pulse energy, mirror size, and repetition rate 
requirements for an ORION laser stem from the surface characteristics of the debris particles being irradi- 
ated and the momentum transfer needed for perigee reduction. The requirements on pointing are related to 
the appropriate times for engagement of debris in elliptical orbits. 


1 National Research Council Committee on Space Debris, Orbital debris: a technical assessment. 
National Academy of Sciences, 1995. 
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3.1 The Particle’s Surface 


Ablation of a microthin layer of the particle’s surface is crucial to providing a significant change in 
momentum to the particle. Ionization and plasma formation further enhance the momentum transfer. We 
ignore the much weaker radiation pressure that exists in the absence of ablation. A substantial amount of 
work has been published by the fusion community over the past decade, pertaining to these interactions for 
various materials. A wealth of detail can be found in appendix D. 

The coupling coefficient C m is the ratio of the momentum transferred to the energy delivered. The 
laser intensity on the target is the ratio of the power in the beam to its cross-sectional area, and the coupling 
coefficient is a nonlinear function of intensity for a particular material. The peak of the function corre- 
sponds to the laser intensity at which the maximum change in the particle’s momentum occurs for the least 
amount of energy input. 

Figure 5 illustrates the coupling coefficient for a single material, nylon, irradiated by varying inten- 
sities of KrF laser radiation. In this experiment, the pulse duration was fixed at 22 ns. At an intensity of 
2.5xl0 8 W/cm 2 , the laser energy is most efficiently coupled to the momentum change of the particle. 
Reducing the intensity by as much as 50 percent only reduces the coupling coefficient from a maximum of 
6.5 to about 6 dyne s/J. Even if the vaporized material is not ionized, there is good momentum coupling by 
simple evaporation. This illustrates that there is a relatively forgiving threshold intensity requirement for 
the laser at the particle, since large (50 percent) variations in intensity mean only a small change in coupl- 
ing efficiency. 


What Optimum Coupling Intensity Means 



1.00E+7 1.00E+8 1.00E+9 1.00E+10 

Laser Intensity (W/cm 2 ) 

Figure 5. What optimum coupling intensity means. 

The intensity of a laser pulse of a given energy depends on the pulse duration. A shorter pulse of a 
given energy has a higher intensity. To put it precisely, the intensity on the target is the fluence divided by 
the pulse duration, where the fluence is the ratio of the energy reaching the target to its cross-sectional 
area. 
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Figure 5 illustrates the coupling coefficient for a single material and a single pulse duration. The 
intensity needed for peak coupling efficiency actually depends on both the pulse duration and the material. 
As the pulse duration decreases, there is less time for energy reaching the target surface to be conducted to 
the interior, and the intensity for peak efficiency decreases. Also, metals require a somewhat higher inten- 
sity for maximum coupling than nonmetals because they are better thermal conductors. 


Remarkably, we found that a simple relationship predicts the fluence required for most efficient 
coupling for all pulse durations and all materials for which there are sufficient data. The relationship is 
shown in figure 6. To use this graph, one chooses a pulse duration on the basis of available technology or 
atmospheric factors, and then reads the most efficient fluence within a factor of 3 or so. For example, for 
pulse durations on the order of 5 to 10 ns, an incident fluence of about 4 to 6 J/cm 2 provides the optimum 
momentum coupling for the five categories of debris. Recall that the coupling coefficient depends only 
weakly on the intensity in the vicinity of the peak, so the fluence requirements are quite forgiving. 


1 E+4 


1E+4 


Short Pulses Give Optimum Coupling at Lowest Energy 
Laser parameters for optimum momentum coupling 
(48 experiments, UV-IR, all materials) 


Best power-law fit to all data: 

<t> = 2.30E4 * t'(0.446), R‘2 = 0.73, 
rms fit error = factor of 3.2 (logio = ± 0.51 ) 


S 1 E+4 L 



1E+4 L 


Pulse Duration (s) 


Figure 6. Laser fluence for optimum momentum coupling at various pulse durations. 


The intensity of a continuous wave (CW) laser is less than the peak intensity of a pulsed laser of 
the same average power and wavelength. Our models of the CW systems are based on simple vaporization 
of the debris surface. This study pointed out the need for experimental studies of CW photoablation of 
materials more complex than elemental surfaces. Also, we have found no studies of laser interactions with 
surfaces having shapes more complex than flat plates. 


3.2 When And How Often To Engage 

As we showed in the previous section, short laser pulses give efficient momentum coupling at rea- 
sonably low fluences. In section 6, we will argue that such fluences are within the capabilities of near- 
future technology pulsed lasers operating from the ground. Here we present our estimates of the number 
of pulses needed to remove debris in various orbits. 
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It is crucial to engage the particle at the proper point of its orbit and in the right direction, or the 
resulting Dv will not have the desired effect. In some circumstances, it could raise the perigee. Engaging 
the particle as it is rising above the laser’s horizon is typically the best. For any engagement, Dv will occur 
along the normal to the particle’s surface being irradiated. This is not necessarily (and normally will not 
be) in exactly the same direction as the laser beam. However, for many particles, due both to spin and ran- 
dom orientations, the average direction for the momentum change is expected to be along the line of sight 
of the laser. Engaging as the particle is rising above the horizon normally gives a vector momentum com- 
ponent opposite the orbital motion, hence lowering the perigee. However, there are special cases (e.g., 
perigee over the laser) in which one should not engage at debris rise, which places a requirement on the 
sensor system design that a particle’s orbit parameters must be determined before and after engagement 
The primary engagement rule found in this study is that any pulse that tends to increase the tangential 
velocity should be avoided. More detail on the geometric factors for successful laser engagement can be 
found in appendix E. 

The final key piece to the laser/particle interaction puzzle deals with whether sufficient time would 
be available to engage the particle on orbit with sufficient pulses to lower its perigee below 200 km. Figure 
7 shows the Dv needed to deorbit debris as a function of altitude for various orbits. To use the figure, start 
with the initial altitude, such as 500 km. For this altitude, we read a required Dv change of about 90 m/s. 
The relation between the Dv and the fluence is: 


Dv = C m F A/m 

where C is the coupling coefficient and F is the fluence. With the figures in the previous section (steel 
part with A/m = 0.15 cm 2 /g, F = 4.6 J/cm 2 , C m = 6.5 dyne s/J) we find Dv = 4.5 cm/s. Therefore, it 
would require 2,000 pulses to bring the perigee below 200 km in this example. If the pulse rate is 10 Hz 

Velocity Change Applied in a Series ol Increments 
to Reach 200 km Final Altitude, vs. Initial Altitude 



Figure 7. Velocity change applied in a series of increments to reach 200 km final altitude 

versus initial altitude. 
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or more, only about 3 min or less are required for the engagement. This is easily within the time interval 
any debris particle remains in sight. 

The analysis of the previous paragraph is a worst case, since the steel parts have the lowest Aim of 
all the debris in orbit. We will consider issues of laser propagation in the next section, but we note here 
that a fluence of 4.6 J/cm 2 provided by a laser at 1 mm launched by a 4.5 m adaptive optic would require 
an energy of at least 3,600 J per pulse at 0° zenith angle, or at least 12,000 J per pulse at 60° zenith angle. 
If such energies are not available, or not available at such a high pulse rate, then it may be necessary to 
deorbit the steel parts in multiple passes. The other target types will be much easier to deorbit in a single 
pass. 


4. LASER ATMOSPHERIC PROPAGATION 


This section deals with a third set of physical constraints on the ORION laser and sensor systems. 
First, the relationship between diffraction-limited mirror size and spot size on the particle will be dis- 
cussed. Next, we consider the intensity and beam quality losses associated with operating through the 
atmosphere. These losses can be severe unless properly handled in the design of the laser system. The 
physical mechanisms considered are atmospheric absorption, turbulence, and nonlinear effects. 


4.1 Linear Propagation 

As we showed in the previous section, a sufficiently high laser beam intensity on the particle sur- 
face is needed to impart the desired momentum change. For a given amount of energy in a pulse of a given 
duration, the intensity is inversely proportional to the cross-sectional area of the beam at range. We now 
consider the lower limit on the beam diameter in the regime of linear propagation. 

The spot size is fundamentally limited by diffraction. The diffraction-limited diameter of the spot is 
proportional to the wavelength and inversely proportional to the diameter of the telescope used to focus it. 
The smallest spot size is obtained, in principle, by using the shortest wavelength and the largest mirror 
diameter available. 

The largest mirrors in existence are 10 m in diameter, but for a moment let us consider a much less 
expensive 3.5-m mirror as an illustration. Also, let us take 0.5 mm, which is in the visible part of the spec- 
trum, as a typical “short” wavelength. At the longest slant range of interest, 2,000 km, the spot diameter is 
about 70 cm. Recall that a fluence of about 5 J/cm 2 is required for most efficient coupling with a 10-ns 
pulse. With these numbers, we arrive at a pulse energy of 20 kJ. Pulse energies considerably higher than 
this have been obtained with existing lasers. Thus, a simple calculation shows that existing technology, in 
principle, can easily provide the intensity needed for momentum transfer to the most distant pieces of 
debris under consideration. 

While smaller spot sizes further relax the laser power requirement, the fine tracking challenge 
grows, as does the size of the mirror. For primary mirrors larger than about 3.5 m, aperture size becomes 
a primary driver to the cost of the laser system. Designing to shorter wavelengths reduces the aperture size 
requirement proportionally, but raises serious issues relating both to turbulence and the surface accuracy of 
the mirror. 


4.2 Turbulence and Atmospheric Absorption 

The air through which the laser beam passes before leaving the atmosphere is not a uniform 
medium. The index of refraction is a function of the air density. Tlie lower layer of the atmosphere, or 
troposphere, is characterized by turbulent motion of cells of air with varying density. As convection cells 


14 



move through the beam, or the beam moves through cells, the beam tends to spread and lose coherence 
because of the density variations. 

For the ORION project, it is important to maintain the beam quality in order to place sufficient 
intensity on the particle at range. This places the requirement for adaptive wavefront correction on the 
beam director design. Appendix E treats these issues in great detail, and we summarize them here. 

The effects of turbulence on the beam can be nullified by distorting the optics of the beam directing 
telescope in a controlled way. This is “adaptive optics.” The size of the independently controlled zones on 
the correcting optic (assumed to be equal in size to the aperture) should be on the order of the Fried scale 
r 0 . The Fried scale is on the order of 1 0 cm for a wavelength of 1 mm. It decreases with decreasing wave- 
length. From this we can see that one thousand or more independently controlled, primary mirror seg- 
ments will be needed to correct a 3.5-m mirror in a 1 -mm laser beam director. 

Adaptive optics with over 1 00 segments are already in use for astronomical imaging. Larger sys- 
tems are now under development, including a system for the 3.5-m STARFIRE telescope. 

The information on atmospheric conditions needed to correct the mirror cannot come from the 
debris itself. The light travel time is such that the laser must be pointed up to 100 m ahead of the particle. 
An artificial beacon, or guide star, must be used instead. A guide star is made with a laser much lower in 
power than the “pusher” laser. The beacon will be aimed ahead of the particle and used to sample the 
column of air through which the pusher laser must pass. 

The guide star is not effective unless some of its energy is scattered back to the ground to return the 
phase information necessary to distort the correcting optics. The beacon laser’s wavelength can be chosen 
so that some of its energy is scattered back to the telescope from a distinct layer high in the atmosphere. 
Astronomical systems in use today typically make use of the presence of sodium in a layer about 90 km 
above the ground. It is fortuitous that sodium can be found in this layer, for it is not difficult to build a 
laser that can excite the sodium atoms into resonance fluorescence and return a usable signal to the ground. 

At the position of the intended laser spot in the sky, the area over which the beam can be corrected 
by a guide star is known as the “coverage size.” The coverage size decreases as wavelength decreases. If 
diffraction alone were considered, one would use the shortest wavelength available. But once the coverage 
size is smaller than the intended beam spot size, it is no longer possible to use the guide star to correct 
completely for atmospheric turbulence, and the beam would spread and fall in intensity. One way around 
this would be to use more than one guide star. Several closely spaced guide stars could provide the phase 
information needed to correct the optics. While this is possible in principle, it has not been demonstrated. 

We have found that for adaptive primary mirrors 3.5 m in diameter and smaller, a single sodium 
guide star is sufficient to provide the necessary corrections for a wavelength of 1 .06 mm. If a shorter 
wavelength were used, then a minimum of four closely spaced guide stars would be needed to provide 
sufficient information to make the necessary wavefront corrections for a mirror this size. 

A full analysis of the tradeoffs in laser wavelength must take atmospheric transmission into 
account. The atmosphere is highly absorptive for most wavelengths of the electromagnetic spectrum. 
Fortunately, transparent and partially transparent windows exist in which the laser beam will propagate 
without serious attenuation. The visible and near infrared from 0.4 to 1 .3 mm is one window, as is the 
infrared band from 9.5 to 12 mm. 

Although the technology exists for powerful lasers at 10 mm, the mirror size required to produce a 
small spot on a target is prohibitively large. There is well-developed technology for powerful lasers in the 
visible to near infrared, and it is within this window that the most reasonable options are to be found. 
Further discussion of existing laser technology may be found in section 6. 
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4.3 Atmospheric Nonlinear Effects 

Even though the laser wavelength is chosen in a window of atmospheric transparency, one must 
consider the possibility of beam spreading and energy loss by nonlinear mechanisms. These are mecha- 
nisms that grow in importance as the intensity of the beam in the atmosphere increases, or as the path 
length in the atmosphere increases. We have made an extensive study of these effects, including nonlinear 
refractive index, STRS, SRS, and whole-beam thermal blooming. 

Nonlinear refractive index tends to degrade beam quality by spreading the beam, since the refrac- 
tive index tends to increase at high intensity. STRS attenuates the beam by breaking it up and scattering it 
in different directions. SRS attenuates the beam by scattering it in different directions at different wave- 
lengths. Whole-beam thermal blooming spreads the beam as it heats the air through which it passes. The 
nonlinear mechanisms are depicted in figure 8. Our modeling of these effects is treated completely in 
appendix D. The limits imposed by the nonlinear mechanisms on the ORION laser are graphed in figure 9. 
The beam is assumed to be propagating vertically through the atmosphere, so that the near-field intensity 
on the vertical axis refers to the beam as it leaves the laser. The beam is also assumed to originate at sea 
level. The graph would appear somewhat altered at angles other than vertical, and if the laser were located 
at a high altitude above sea level. The laser pulse duration is shown on the horizontal axis. The graph is for 
a specific wavelength, 1 .06 mm, but it has the same basic shape for other wavelengths. 


Nonlinear Processes in the Atmosphere 




Figure 8. Nonlinear processes in the atmosphere. 
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Maneuvering Room for the ORION System 
Limited by SRS, STRS, n 2 and other Effects 



Adequate Maneuvering Room Past Nonlinear Atmosphere Effects Exists 


Figure 9. Maneuvering room for the ORION system limited by SRS, STRS, n 2 , and other effects. 

The intensity limit imposed by whole-beam thermal blooming is shown with two light solid lines, 
one each for telescopes of 1 m and 10 m in diameter. Since it takes time for the air density to change in 
response to heating, this effect can be eliminated by using short pulses. The allowed intensity for whole- 
beam thermal blooming rises to extremely high levels for pulses shorter than 1 ms, where other limiting 
mechanisms come into play. 

The limit imposed by STRS is shown with a heavy solid line. It, too, can be avoided by choosing 
a short pulse duration. If the duration is kept below 10 ns, then both STRS and whole-beam thermal 
blooming are displaced by another intensity-limiting mechanism. 

Nonlinear refractive index is not so well understood for long pulses, but for pulses less than about 
100 ns, it imposes an intensity limit of about 5xl0 7 W/cm 2 . Our best prediction is that the limit increases 
slightly with shorter pulses. 
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For pulses between 200 ps and 10 ms, the most stringent limit is set by SRS. This limit is shown 
in the figure with the lower heavy solid line. With the limits imposed by the four nonlinear mechanisms 
combined on one graph, a region of operability or “comer of opportunity” stands out. The comer, for this 
wavelength, is at an intensity of 3xl0 6 W/cm 2 and a duration of 10 ms. Pulses shorter than this or lower 
in intensity should not be significantly affected by the nonlinear mechanisms. 

One possible exception to this “comer of opportunity” view will be considered later for the attain- 
ment of subobjective B. When the SRS intensity limit first begins to rise for short pulses, it rises so 
slowly that the higher allowed intensity is too little to compensate for the decrease in fluence due to the 
shorter pulse. But, recall that the intensity needed for most efficient momentum coupling decreases with 
decreasing pulse length. There is a possible operating point near 100 ps pulse duration where the SRS 
limit has risen enough to make such operation attractive, and where the nonlinear index effect is not yet the 
limiting consideration. 

It is important to note how the situation of figure 9 changes when a different wavelength is used. 
As the wavelength decreases, the near-field intensity limits also decrease for a given pulse length. This 
implies that the smaller apertures permitted by diffraction for smaller wavelengths can only be realized up 
to a point. Beyond that point, smaller apertures are forbidden by near-field intensities beyond those 
allowed by nonlinear atmospheric effects. 


5. LASER AND SENSOR SYSTEM REQUIREMENTS 


The particle characteristics, the laser/particle interaction, and the atmospheric propagation form a 
set of physical design constraints for ORION. In this section, the requirements are folded together into a 
complete set of requirements for the laser and sensor systems. Also included are the programmatic consid- 
erations of cost and schedule. The requirements on the laser system will be compared with existing tech- 
nology in section 6. In section 7, the sensor requirements will be related to existing technology. 

The requirements for the laser are summarized in the top row of figure 10. The laser system must 
operate in one of the atmospheric transmission windows, such as the one shown by the dark band from 
0.4 to 1.3 mm. Beam effects due to turbulence must be minimized by active correction in which the area of 
coverage is as large as the laser spot at range. 

In order to place the critical intensity on the particle at range, nonlinear effects must be minimized 
by operating in the region of opportunity defined by short pulse duration (e.g., 10 ms for 1 mm) and 
below the critical near field intensity (e.g., 3 MW/cm 2 for 1 mm). The laser and corrective optics must be 
capable of achieving the critical intensity and fluence (e.g., 600 to 850 MW/cm 2 , 4 to 6 J/cm 2 ) on the 
debris particle at least at 800 km altitude and preferably to 1 ,500 km. 

If we take the number of debris particles to be 150,000, appropriate for subobjective B, then the 
time required to remove all the debris is about 0.3 year/min times the time for each piece of debris. The 
time for each piece is an average, which must include off-duty time. For example, if the average operating 
time to remove one piece of debris is 1 0 min, then the time to remove all the debris is 3 years. The time to 
acquire suitable targets, and the repetition rate and maintainability of the laser, are all constrained by this 
together with the programmatic requirement that all debris to be cleared in some definite time, such as 5 
years. 


The Haystack radar has shown that in a field-of-view of 0.05°, the rate of detection of debris parti- 
cles is about 6/h. Of these, only about 1/h is in circumstances suitable for targeting. The rate must be an 
order of magnitude higher, or the laser will be idle most of the time as it waits for a new target to be identi- 
fied. Therefore, we recognize that the field of regard for the ORION sensor should measure on the order 
of 0.5°. If a sensor has a very high sensitivity and can be moved rapidly, then the field of regard can be 
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Figure 1 0. ORION system requirements. 

built up by sweeping rapidly through several fields of view. The Haystack radar, for example, with its 
high sensitivity, could scan a 0.5° wide field in a bowtie pattern that would be virtually “leak proof.” 

Ultimately, the position of the particle must be determined to within about 0.4 mrad (70 cm beam 
width at 2,000-km slant range). The field of regard of 0.5° (9,000 mrad) is so much larger that a fine 
tracking mechanism will be needed. To distinguish coarse from fine tracking, we set a somewhat arbitrary 
crossover of 100 mrad. This corresponds to about 200 m at a distance of 2,000 km. The actual crossover 
could be larger if the fine tracking is capable of finding the object in a larger field, or smaller if the coarse 
tracking mechanism is very precise. 

Twenty-four hour, remote operability in all weather conditions would be ideal. If the sensor does 
not operate at all times or in all conditions, then either the laser average power must be made higher or the 
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time to remove the debris population grows. Remote operability is needed for handoff of the tracking 
information to the laser. 

The sensitivity must be sufficient to see 1-cm debris in each category at a slant range of 2,000 km. 
The sensor system requirements are summarized below the laser requirements in figure 10. The full analy- 
sis appears in appendices B and C. 


6. THE ENGAGEMENT LASER SYSTEM 


Three sets of constraints on the laser concept imposed by the debris characteristics, the laser-target 
interaction, and atmospheric propagation were discussed in sections 2, 3, and 4. In section 5, these were 
synthesized to form a full set of constraints. In this section, we review existing laser technology in the 
light of the constraints. Laser technology is reviewed in appendix F. We will see that the requirements 
converge on a wavelength near 1 mm and either a pulsed solid state laser or a CW gas laser. 


6.1 Pulsed Solid-State Lasers 

Solid-state lasers have the highest pulse energies available at this time. Each of 10 beams of the 
Nova laser at Lawrence Livermore National Laboratory (LLNL) produces 10 kJ per pulse. The Beamlet 
laser at LLNL produces 20 kJ per pulse. Both of these are Nd:glass lasers. Pulse durations of about 1 to 
50 ns are typical for Nd:glass lasers. Thus, these lasers operate in the ORION comer of opportunity for 
reasonably sized apertures. For example, for a 10-kJ pulse lasting 10 ns, SRS can be avoided (at 1 mm) 
for apertures larger than about 0.4 m. 

The fundamental wavelength of the Ndrglass laser is 1.06 mm, which is in the visible/near infrared 
window. The visible wavelength, 0.53 mm, is derived with high efficiency by frequency doubling in a 
KDP crystal. The shorter wavelength initially appears attractive, since a smaller aperture is required to 

E reduce a given spot size. The SRS limit is more stringent for the shorter wavelength, however, and the 
earn correction would require unproven multiple guide star technology. For the near term, then, the 1 .06 
mm wavelength is favorea, with the shorter wavelength a strong future possibility. 

The highest power lasers today are designed for low repetition rates. Beamlet, for example, oper- 
ates at under 0.02 pulses per second. The difficulty with higher rates is that nonuniform heating of the 
amplifying medium degrades the optical quality of the beam. Beamlet can be operated continuously at its 
designed rate because tne cooling system minimizes nonuniform heating as long as its maximum repetition 
rate is not exceeded. 

If we are to accomplish ORION’S task without proposing lasers much more powerful than those in 
existence, we must increase the repetition rate, or else the deorbiting of the debris will take far too long. 
We are aware of two ways to overcome the repetition rate limitation. One is to fire the laser rapidly without 
cooling and to allow the amplifying medium to heat up uniformly so that optical quality is not affected. 
This is called the “hot rod” mode. It is modeled in detail in appendix A. It should be possible to fire up to 
1 ,000 pulses in a short time interval before the laser is cooled for the next round. 

Smaller lasers have proven that higher continuous rates are possible. At LLNL, for example, a 
laser that produces 100 J per pulse operates at 6 pulses per second, and is being upgraded to 12 pulses per 
second. Although cooling of die medium results in nonuniformities, the optical quality is actively corrected 
with a stimulated Brillouin scattering (SBS) mirror. The design of such a system is treated in appendix F. 

Overall, the Nd:glass laser at 1 .06 mm was found to be the laser with the best potential for accom- 
plishing the mission. The technology is widespread and developing rapidly because of activity in fusion 
research. 
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6.2 Pulsed Chemical and Gas Lasers 


C0 2 gas lasers operate in the mid-infrared (IR) band, at wavelengths of 10.6 and 1 1.2 mm. In 
order to be competitive with solid-state lasers, they must either be made much more powerful or a much 
larger aperture must be used. For example, since the wavelength is 10 times that of the Nd. glass laser, a 
telescope 10 times larger would be needed to produce the same diffraction-limited spot size. This would 
make the telescope diameter on the order of 40 m. If, instead, the same size telescope were contemplated 
for both lasers, the power of the C0 2 laser would have to be 100 times greater to produce the same fluence 
on the target. SRS would then become a limiting factor. Either solution would be very expensive. 

Two other lasers that operate between the near- and mid-IF regions are HF/DF chemical and the 
CO lasers. Neither is as well developed as Ndiglass or C0 2 lasers. They suffer, to a lesser degree, from 
the same limitations as the C0 2 laser at longer wavelengths. The DF laser is included in figure 1 1 for ref- 
erence. 
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Figure 11. Technical basis for choosing the ORION laser. 
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6.3 Continuous Wave Gas Laser 

An iodine laser operating at 50 J per pulse has been demonstrated in the United States. The long 
pulse duration of 10 ms would place it well below the intensity for most efficient coupling. The wave- 
length of 1 .3 mm is not far from the Nd: glass wavelength and just inside the near infrared window. 

The repetition rates of iodine lasers are as high as 1 pulse per second, with higher rates under 
development. It is interesting to note that these lasers can be made to operate in a CW mode. The 
ROTOCOIL laser at the USAF Phillips Laboratory is an iodine laser at 1 .3 mm with a continuous power 
of 40 kW. Although this is somewhat different from the pulsed mode of operation we had envisioned for 
ORION, our preliminary study indicates that it could accomplish its objectives. 

In a CW mode, the intensity must be kept well below the peak intensity of a pulsed laser in order to 
avoid thermal blooming and STRS. Even so, the average power must be greater than for the pulsed laser, 
since short pulses couple most efficiently at lower fluences. These two conditions can be met, since the 
CW laser is constantly in use, where the duty cycle of the pulsed laser can be KH or less. We will include 
an iodine CW option in one of our systems to consider for subobjective B. 

Data on all the lasers considered are included in figure 1 1. 


6.4 Relevant Electro-Optical Technology 

The laser system consists primarily of a beam director, a guide star subsystem for optical correc- 
tion, a coarse track handoff system, a fine track subsystem, and a high-energy, pulsed laser. Large aper- 
ture systems with corrective optics were identified as part of this study. Many of the details are reserved 
for appendix E. 

The Advanced Electro-Optical System (AEOS) located in Maui, HI, is shown in figure 12. It 
employs a 3.6-m primary mirror. This facility’s mission is high-accuracy, high-sensitivity satellite 
detection and tracking. The STARFIRE facility located near Albuquerque, NM, is intended for a similar 
mission. It employs a 3.5-m aperture for high-sensitivity, high-accuracy tracking. 

AEOS and STARFIRE use adaptive optics with a single guide star to correct wavefront aberra- 
tions due to atmospheric turbulence. The tracking rates are about 18° per second in azimuth and 5° per 
second in elevation. These rates are sufficient to accomplish the ORION objectives. Although costs will be 
considered in more detail in section 8, it is interesting to note that STARFIRE costs included $7 million for 
the primary mirror and $10.5 million for the telescope mount. Total facility costs came to about $27 
million. 

Analyses such as this have shown that there are several possible directions one might take to 
accomplish subobjectives A and B. Subobjective A could be accomplished with a 1 .06-mm laser using a 
3.5-m mirror. Operation would be within the comer of opportunity with 5-ns, 5-kJ pulses. The time 
needed to do this depends on the tracking and handoff system, which will be discussed in the next section. 
If the sensor system were not capable of 24-h operation, the subobjective A could still be accomplished by 
using a somewhat larger telescope to obtain a more intense beam. 

Recall that subobjective B raises the coverage from 800 km to 1,500 km. This will require more 
energy on target at greater range. Three laser systems are promising in this regard. One is to develop a 
Beamlet-type Nd:glass laser for high pulse rates at 10 to 20 kJ per pulse. A 6-m diameter mirror would be 
needed to avoid SRS. Alternatively, a 0. 1-ns pulsed Ndrglass laser could be developed to take advantage 
of the increase in the SRS threshold with decreasing pulse duration. The third option that seems feasible 
for this subobjective is the CW iodine laser. This would also require a 6-m adaptive optics telescope. 
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Advanced Electro-Optical System 
3.67 m Telescope Facility 



3.63 m c.a. F/1.51 Zerodur parabolic primary 25 cm c.a. secondary: 

84 active supports + 48 lateral supports a. F/200, 0.3 m rad Fov Coude system 

18.3 deg/sec azimuth, 4.75 deg/sec elevation b. F/32, 1 m rad Bent Cassegrain 

Maui system (shown) under construction with very expensive site-associated costs 


Startire in operation: $7M primary mirror (R&D tor stress lapping) 200 W S3.55M LLNL Na guidestar on hold 

$10. 5M telescope mount Adaptive optics not ready yet 

$27M total with facilities Intensified 30 cm 0.3‘ acquisition scope 


Figure 12. AEOS. 
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7. THE ACQUISITION AND TRACKING SENSOR SYSTEM 


In this section, we review current detection and tracking technology in connection with the system 
requirements already set forth in section 5. Detecting, acquiring, and coarse tracking a particle the size of a 
marble at 2,000 km is a challenging requirement. Handing off to a laser engagement system is another 
challenging undertaking. Several options have been identified that can satisfy the requirements dictated by 
the debris population characteristics. One proven technology option has been the MIT Lincoln Laboratories 
Haystack radar. Another is the STARFIRE passive optical satellite tracking system in Albuquerque, NM. 
Thus, there is substantive technical margin for this aspect of the problem. 

It is logical to consider active optical tracking, with either a pulsed or CW laser, making use of the 
pusher laser in a defocused mode. We will see that this has the potential to extend the availability of optical 
tracking from the 4 h per day of the passive option to nearly 24 h per day. 

Also considered in this section is the possibility of using existing communications satellite tech- 
nology to perform debris detection. The forward scattering enhancement, made possible by the location of 
satellites in orbit, makes this scheme possible. The fact that existing systems might be used parasitically 
makes this option attractive from a cost standpoint. 

Along with the foregoing, it is important to consider the handoff to the laser system and whether 
the radar can be used remotely. For example, building a clone of Haystack at an optimum laser site would 
cost on the order of $80 to $100 million. Remote radar support during operations promises to save the cost 
of building a new radar. With all the requirements in mind, we now explore radar, passive optics, bistatic 
radio frequency (RF) detection (using communication satellites to illuminate the particles), and laser radar. 


7.1 Microwave Radar Option 

The advantages of radar include all-weather operation and relatively high accuracy in position and 
signature. As mentioned previously, the Haystack radar developed and operated by MIT Lincoln Labora- 
tories at Tyngsboro, MA, (42.6° N latitude) is an example of proven radar technology with the potential to 
accomplish the ORION mission. The facility is depicted in figure 13. Haystack is probably the most sensi- 
tive radar in the world capable of achieving the tracking rates necessary for ORION. Haystack operates at 
10 GHz with a range resolution of 1 to 10 m and an angular resolution of 10 to 50 mrad. Its range rate per- 
formance is 0.1 to 1 cm/s. Given these performance values, Haystack would be suitable for use in the 
ORION sensor mission. 

With Haystack, the disadvantage of being in a nonoptimum environment for the laser may be ame- 
liorated by remote handoff. In principle, this is primarily a software development and integration task, 
which Lincoln Laboratories believes can be done with existing technology. The advantage of this devel- 
opment would be to utilize the advantages of Haystack without having to clone it at the laser facility site (a 
very expensive undertaking). 

The general importance of this development is that the handoff technique could be applied to any 
radar. ORION could use any radar that might be available and suitable. One penalty for using Haystack 
remotely would be its latitude, which constrains the minimum inclination. This is expected to be only a 
minor disadvantage since it can see the majority of the debris populations. 

Search and acquisition could be accomplished using a two-dimensional bowtie scan to build up the 
field of regard. Such a scan pattern at 30° elevation would be virtually leak proof. The radar would provide 
tracking and discrimination of the target with a resolution less than 200 m. A resolution cell on the order of 
the laser beam size (about 1 m) is needed for laser engagement with the particle, so the radar would be 
required to hand off to a fine track system. 
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Canonical Microwave Radar for ORION 



Long Range Imaging Radar 

High Power Transmitter (200 kW) Wideband Capability (1 GHz) 

Large, Precise Antenna (120 It) Sensitive Receiver 


Location Tyngsboro, MA (42.6" N, 272’ E) 

Radar Frequency 10 GHz 

Sensitivity (S/N on 1 sq. mile target at 1000 km range) 


Pulse Length 

S/N Ratio 

(ms) 

(db) 

2.0 

61 

5.0 

65 

Tracking Precision 

Range 

1-10 m 

Angles 

50 arad 

Range rate 

.1-1 cm/s 


Figure 13. Haystack: canonical microwave radar for ORION. 

Of course, the engagement laser itself could be used in the fine track role by simply defocusing the 
beam to capture the particle in the 200-m pixel provided by the radar, and then walking the resolution cell 
size down to 1 m. At this point, the laser would engage the particle in order to lower its perigee. In addi- 
tion to the other advantages discussed, radar provides knowledge after the engagement as to how a parti- 
cle’s orbit was affected. 
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Of course, the engagement laser itself could be used in the fine track role by simply defocusing the 
beam to capture the particle in the 200-m pixel provided by the radar, and then walking the resolution cell 
size down to 1 m. At this point, the laser would engage the particle in order to lower its perigee. In addi- 
tion to the other advantages discussed, radar provides knowledge after the engagement as to how a par- 
ticle’s orbit was affected. 

Remote handoff is extremely promising. It is expected that a reasonably straightforward develop- 
ment will resolve information transfer concerns and minimize information transfer time lags. Coordinate 
conversions could be accomplished by modem computers in near-real time either at Haystack or at the 
laser facility. The USAF Phillips Laboratory is presently investigating predictive accuracy in using such an 
approach. A demonstration project would be needed to complete a detailed solution. 

Although Haystack is the flagship of operational USAF radar, other existing radars including the 
USAF HAVE STARE (with significant modification) would be viable candidates for accomplishing the 
ORION sensor mission, either collocated or in the remote mode. 

Microwave radar approaches the ideal of 24 h per day operation in all weather. It can operate in the 
day or at night, and even in cloudy conditions. We have estimated that Haystack or another radar would 
provide up to a 20-h operating window per day, allowing for severe weather and maintenance time. 


7.2 Passive Optics Option 

Using Sun reflection from the debris particle, high-sensitivity, high-resolution passive optics 
offers the advantage of low cost as compared to building a new radar. Developing a remote handoff capa- 
bility for the radar offers the attractive approach of a complementary radar/optics approach. This is impor- 
tant, since surveys show that some debris detected in visible light is not detected by radar, and vice versa. 
Passive optics also provide immediate feedback that the particle was successfully engaged by the laser, 
since plasma ignition produces a bright flash in the visible. 

The disadvantage to passive optics alone is that it only operates during times of clear weather when 
the Sun/particle/observer angles are appropriate. This alignment typically provides a 4 h per day window 
for operations. As will be shown later in discussing ORION system options, using passive optics alone 
will extend the clearing time beyond 2 years for the debris population under 800 km. We have been able to 
keep it to 3 years by using a larger mirror than for the microwave radar option. Another disadvantage is 
that orbit assessment would be difficult with a passive optics system alone. Orbit assessment is proven 
technology existing at Lincoln Laboratories and also used with STARFIRE and AMOS. 

Figure 14 shows the STARFIRE facility. A single facility this size located in a suitable location 
(e.g., China Lake) could accomplish both the detection and tracking mission and the particle engagement 
mission. In short, a single $50 million facility such as this could protect JSS and all other assets under 800 
km. 


7.3 The Bistatic Detection Option 

Orbital debris is continuously being illuminated by a number of communications transmitters 
located on the ground, in LEO, and in geosynchronous orbit (GEO). This illumination is due to the normal 
functions of such satellites, and is available to ORION at no cost. Dramatic increases are expected in the 
numbers of communications satellites in the next few years, particularly in LEO, and thus in the number of 
potential illuminators for use in ORION surveillance. 
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Example Optical System 



• STARFIRE, Albuquerque 

• 3.5 meter F/32 Telescope (Narrow FOV) 

• Satellite Tracking 

• High Sensitivity 

• High Accuracy, Angles 10 urad 

Figure 14 STARFIRE: example optical system. 

One major implementation option makes use of the fact that the debris target forward-scatter cross 
section can be much larger than the back-scatter cross section usually used for surveillance. This is true 
when the target is large compared with the wavelength of the radiation, and is nearly in line between the 
transmitter and the receiver (i.e., scatter angle close to 180 ). The most interesting such application or the 
forward-scattering enhancement, without placing any requirements on the communications satellite, is to 
place a special antenna array on the ground that would look for radiation scattered or diffracted by debris 
from any normal satellite downlink signal. The large numbers of satellites (close to 1,000 in LEO in the 
time frame of the year 2000) would assure that favorable geometries for detection of debris objects occur 

frequently. 

Another implementation option is to use a ground receiver to detect the radiation scattered forward 
by the debris from the communications satellite’s uplink signal. This differs from conventional radar only 
in that the transmitter and receiver are not collocated, with the forward scattering angle being between 0 
and 180°. While with this option the transmitter is much more powerful than the typical spacecraft trans- 
mitter, most large radars are still more powerful than communications uplinks. Nonetheless, these uplinks 
are “free” to ORION, and so will also be considered for debris detection. 
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The details of our analysis of the bistatic detection option are contained in appendix G. Main results 
were the characterization of the detectable debris size as a function of the downlink frequency, satellite 
altitude, and receiving array size and geometry. The detectable debris size decreases as the array size 
increases and as the frequency increases. Further improvement can be made if the target is illuminated over 
several receiver beam widths. The forward-scattering enhancement is greatest for shorter path lengths, and 
when the target is near either the transmitter or the receiver. The implications are that for a given power 
density reaching the ground, the debris is more easily detected with signals from LEO satellites than GEO 
satellites. This is true even taking into account the larger antennas and powers of GEO satellites. 

In order to model the potential of the bistatic detection, a baseline calculation was performed for a 
debris particle orbiting at 500-km altitude. The baseline frequency is taken to be 20 GHz, with the satellite 
placing 10~ 12 W/m 2 on the ground from an altitude of 800 km. The numbers are consistent with existing 
communications satellites. The theoretical limit for a 25-m detector antenna is 0.1 m 2 , or 30-cm debris 
particles. 

The situation improves for other communications satellite sources. There is an unusually powerful 
transmitter on the ACTS satellite in GEO. For a target in high-Earth orbit (HEO), the disadvantage of 
greater altitude is compensated by the fact that its effective radiated power is greater, a debris particle 
would spend a greater time in its beam than for a satellite at a lower altitude, and the forward-scattering 
effect is enhanced by the proximity of the target to the transmitter. This case is also shown as a curve in 
figure 15, even though debris at this height was not the subject of the ORION study. With the ACTS 
spacecraft, debris particles of 0.03 m 2 , or 17 cm across, would be detectable near GEO with a 25-m 
ground receiver array. 



Array Size (m) 


Figure 15. Performance prediction for bistatic detection. 
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Planned LEO communications satellites such as Iridium or Teledesic will deliver a much greater 
power density to the ground, principally in order to work with portable and other small terminals. Fre- 
quencies may also increase to 30 GHz. If a piece of orbital debris were to pass between such a satellite and 
an array on the ground in a favorable alignment for forward- scattering enhancement, the threshold detect- 
able area would fall dramatically. For an object passing within 50 km of the transmitter, the threshold 
detectable size is 0.001 m 2 , or 3-cm size, when using a 25-m detector array. Equally dramatic is the theo- 
retical threshold for detection of a target passing through the uplink beam of a powerful ground uplink 
transmitter to a GEO satellite. In this case, the same detector array could detect 0.0004 m 2 , or 2-cm size 
debris particles at 500-km altitude, even though the forward-scattering enhancement is absent in this case. 

The calculations of detection performance do not account for some losses in signal processing and 
are somewhat idealized, and thus practical systems would probably have lower performances. While prac- 
tical systems would thus only be able to detect larger debris than indicated above, the use of larger antenna 
arrays could compensate for the losses. These larger arrays would be more costly, though they would still 
be receive-only. The implication is that bistatic detection can probably be effective for debris particles of a 
few centimeters or larger. Further study must be done to see if a system concept is possible that would 
extend this performance down to 1 -cm size. 

In summary, bistatic detection using communications satellites, radar satellites, and other tracking 
radars on the ground is very promising and needs to be investigated further. 


7.4 Laser Radar Option 

With this option, the laser system itself would simply be used to perform both the sensing and the 
particle engagement functions. As the altitude range to be searched increases, the laser energy must by 
focused into smaller and smaller spots in order to give an adequate signal-to-noise ratio. This requirement 
is in conflict with the need to search wider areas at higher altitudes. The conflict can be addressed by 
increasing the pulse repetition frequency of a pulsed laser, but at some point the round-trip light travel time 
will become larger than the time between successive pulses. At this point, the next outgoing pulse threat- 
ens to blind the detector to the return from the previous pulse. For altitudes above about 600 km, this 
might require a detecting telescope separate from the beam launching telescope. 

This laser radar option, while it appears to be feasible, greatly increases the complexity of the laser 
system. The sensing requirements dictated by the characteristics of the debris population would drive the 
design to a 5- to 10-m mirror with multiple guide stars. Clearly, a remote radar and/or passive optics offers 
more technological and cost margin for the 800-km objective. Choosing the objective of removing all 
debris below 1 ,500 km makes the laser radar approach more attractive as one would already be forced to 
larger apertures to keep the engagement laser spot size small at the longer ranges. 


7.5 Sensor Conclusions 

Four sensor approaches have significant capability applicable to the ORION mission, thus sub- 
stantive technological margin has been found in the sensor technology. As was shown previously, this 
was found to be true for the laser area as well. The findings are summarized in figure 1 6. 

The two most promising near-future options are the radar and the passive optics. Both offer good 
tracking capabilities, good to excellent discrimination capabilities, and excellent handover accuracy. Both 
can search wide areas of space to detect 1-cm debris out to 2,000 km. Both offer some damage assess- 
ment. Either option can satisfy ORION mission requirements. For a demonstration, it may be advanta- 
geous to have both radar and optics operating together hand in hand. As will be shown later, the radar 
option is slightly higher in cost than the passive optics. Nevertheless, the radar can operate in all- 
weather/day/night conditions, so the rate of detection and hence the rate of debris removal is higher than 
with the passive optics. 
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Sensor Conclusions 


Parameter 

Radar 

Passive Optics 

Bistatic System 

Laser Radar 

Search 

Bowtie 

Wide F0V 

None 

Defocus 
or Fence 

Detection 





500 km 

1 cm 

1cm 

> 5 cm 

1cm 

1000 km 



>10 cm 


1500 km 

2 cm 

1cm 

>20 cm 

1cm 

Tracking 

Yes 

Yes 

No 

Yes 

Discrimination 

Excellent 

Good 

Unknown 

Excellent 

Handover Accuracy 

Excellent 

Excellent 

NA 

Excellent 

Damage Assessment 

Excellent 

Partial 

No 

Excellent 

Utilization 

24 h/day 

< 4 h/day 

24 h/day 

24 h/day 

Availability 

Exists 

Buildable 

New 

ORION 

Cost 

Low for 

Low for 

Unknown 

ORION + 

Haystack 

STARFIRE 




High/New 

Moderate/New 




Figure 1 6. Sensor conclusions. 

While the bistatic detection system offers high potential for reduced costs, the technique is not as 
well analyzed. The finding that this approach has the capability to detect at least 5-cm debris at 500 km 
holds implications for several applications, including augmentation of the USAF space surveillance sys- 
tems, and warrants further study. Since we need reliable detection of 1-cm objects, it was not selected for 
ORION at this time, though it may prove to be a viable contender upon more detailed analysis. 

The laser radar meets ORION requirements. Yet, the technology is not as mature as radar or pas- 
sive optics, hence the cost growth risk is higher. A large (6-m) mirror would be required, with the associ- 
ated requirement for multiple guide stars. As discussed previously, this is future technology requiring sub- 
stantive development. 


7.6 Handoff 

A smooth transition from coarse to fine tracking is vital to ORION. The radar provides particle 
location and velocity to a resolution cell about 200 m across at 2,000 km. Once the particle’s orbital 
parameters are determined by the radar (about 10 s after detection), a laser beam defocused to the same 
resolution as the radar will be precisely pointed to illuminate the same region of space. The debris particle 
will then be simultaneously illuminated by both the radar and the fine track laser. An automatic, computer- 
controlled, step-by-step focusing procedure will then commence in which the beam is incrementally 
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focused down to the minimum attainable spot size. Radar (or passive optics) coverage will be continuous 
during this procedure to complement fine tracking. 

Once the laser is pointed at the predicted location of the particle with an uncertainty corresponding 
to the minimum spot size of the engagement laser, engagement occurs and is repeated as long as the par- 
ticle remains in the window of opportunity. Radar tracking and handoff (i.e., tracking information up- 
dates) continue throughout the multiple engagements. Once the particle leaves the window of opportunity, 
the radar assesses the post-engagement orbit for bookkeeping purposes. 


8. SYSTEM COSTS 


The first crucial finding provided by this study is that ground-based lasers and sensors are a feasi- 
ble approach to orbital debris removal. As the study unfolded, it became clear that a number of technical 
approaches were feasible, adding confidence. Finally, these technical approaches were found to have rea- 
sonable costs as compared to other orbital debris mitigation approaches. 

Throughout the study, cost was viewed as a key factor in developing configurations. Costs were 
primarily determined by analogy, supported by NASA costing models. As a result, two demonstration 
experiments have been identified, and five affordable systems may work, pending the results of a demon- 
stration. Hence, we are confident that the ORION mission can be accomplished with substantive pro- 
grammatic margin. 

Either the AEOS or the STARFIRE facility could relatively easily be adapted to do an active 
ORION demonstration. This would consist of detecting and tracking a cataloged particle with a perigee of 
approximately 200 km and then modifying its orbit to a measurable degree. An existing Nd:YAG or 
Nd: glass providing 100 J per pulse would be sufficient for the demonstration, assuming a pulse duration 
of 1 to 10 ns and a repetition rate of one pulse per second. Guide stars would be needed for adaptive 
optics. 

Although the beam intensity on the primary mirror would be moderate, the mirrors would probably 
have to be coated to handle the flux. No cooling of the mirror is expected to be needed. 

One demonstration series we have envisioned would use passive optics only and operate just 4 h 
per day. This is the least expensive option. The other demonstration series would involve an existing radar 
and remote handoff. Either demonstration could best be controlled with the use of special space shuttle- 
deployed targets, as described in appendix D. 

An overview of the systems we believe are feasible for subobjectives A and B is shown in figure 
17. It also shows the estimated cost ranges and percentages of the debris population included for each 
system graphically. 

The cost estimates for an ORION demonstration converge around $20 million. For a cost on the 
order of $80 million, orbital debris removal can be demonstrated as part of a phased program and most 
debris below 800 km removed. One system option, A1 , employs a passive optics sensor in conjunction 
with a Nd:glass laser at 1 .06 mm, uses a 3.5-m primary mirror, and should cost about $65 million. Cost 
details are shown in figure 1 8, and models are explained in detail in appendix D. 

Option A2 employs a Haystack-type radar operating remotely in conjunction with a Nd:glass laser 
at 1.06 mm. It uses a 3.5 m primary mirror, and should cost about $100 million. A2 clears all the debris 
below 800 km (about 30,000 particles) in 2 years, while A1 takes 3 years. 
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System Cost Estimates 
System A: 200 to 800 km, 2 years 
System B: 200 to 1500 km, 3 years 



System A Designed to clear altitudes up to System B Designed to clear altitudes up to 1 500 km 

800 km in 2 years after On-Orbit Demonstration in 3 years after On-Orbit Demonstration Program 

Program (approximately 30,000 debris objects) (approximately 1 15,000 debris objects) 



Option A1 

Option A2 

Option B1 

Option B2 

Option B3 

Operations 

4 h/day 

20 h/day 

20 h/day 

20 h/day 

20 h/day 

Pusher Laser 

Cooled bursts 

Cooled bursts 

Actively cooled Nd 

Actively cooled Nd 

CW Iodine 


5 ns, 1-5 Hz 

5 ns, 1-5 Hz 

lOOps, 1-5 Hz 
modified LLNL system 

IOns.1-5 Hz 
one NIF module 

ground-based 
recycled gas 

Beam Director 

Government 
furnished equipment 
(GFE) with modifications 

New 

New 

New 

New 

Guide Star 

Existing 

Existing 

New 

New 

New 

Acquisition 

Passive 

Radar 

Radar options 

• Laser illuminator 

• Laser illuminator 

Assessment 

Electro-optical (EO) 
• At site 

•At remote location 

• Government furnished 
equipment, relocated 

• New (max $) 

at site 
or 

• Remote radar 

at site 
or 

• Remote radar 


• Remote location 

Figure 17. Cost summary graph. 
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Top-Level Program/Cost Matrix — OBION 





System A 


Near-Term On-Orbit Demo Options 
(using Proven Technologies) 

Clear out 200-800 km altitude range 
in less than 3 years trom approval 


Demonstrate acquisition, track, handover, 
irradiate, spot maintaince, de-orbit 
in approximately 1 year from go-ahead 

Options for near 
(using Proven 1 

Term System 
echnologies) 

System Component 

Demo Option 1 

Demo Option 2 

Option A1 

(4 hrs/day operation) 

Option A2 

(20 hrs/day operation) 

Laser Device 

1-10 ns pulsed NdYag 
(100 J) 

(GFE L. Hackel Laser 
at PL) 

1-10 ns pulsed NdYag 
(100 J) 

(GFE L. Hackel Laser at PL) 

5 ns pulsed NdYag 
(5 KJ, 1-5 Hz) 

(Beamlet Design, Hot Rod 
mode, Cooled between bursts) 

5 ns pulsed NdYag 
(5 KJ, 1-5 Hz) 

(Beamlet Design, Hot Rod 
mode, Cooled between bursts) 

Estimated Cost 

1. 3-3.0 

1. 3-3.0 

28.6-31.6 

33.3-37.3 

Beam Director Optic 
Estimated Cost 

GFE 3.5M Telescope 
with modifications 
required 
3.4-6.3 

GFE 3. 5M Telescope 
with modifications required 

52-9.9 

GFE 3.5M Telescope 
with modifications required 

4.0-6.0 

New 3.5M Telescope 
35.0-40.0 

Guide Star System 

GFE LLNL Sodium 
System & SOR Rayleigh 
System 

GFE LLNL Sodium System & 
SOR Rayleigh System 

New Sodium System 

New Sodium System 

Estimated Cost 

1. 4-2.3 

2. 0-4.0 

4.9-65 

6.5-97 

Acquisition/Tracking 
Estimated Cost 

GFE passive EO 
(sunlight illumination) 
(4 h/day operation) 
GFE 3.5 M telescope 
1) demo acquisition/ 
handover to remote 
low-power illuminator 
with retro-reflector 
orbiter 
5. 0-9.0 

Haystack/Have Stare/Millstone 
(24 h/day operation) 

1) demo acquisition/handover 
to remote low-power Illuminator 
with retro-reflector orbiter 

2) demo acquisition/handover 
to remote pusher laser with 
orbiter target 

55-9.8 

Passive Electro-optical 
(sunlight illumination) 

(4 h/day operation -1 crew 
shift) acquisition/handover by 
small telescope at Pusher site 
with real debris Targets 

5.4-8.1 

Haystack/Have Stare/Millstone 
(existing radars @ need sole' 
use)(24 h/day operation - 
3 shifts) acquisition/handover 
to remote pusher laser with 
real debris targets 

7.2-12.3 

Target Set 

Up to 300 km altitude 
special demo targets 
(shuttle-deployed) 

Up to 300 km altitude 
special demo targets 
(shuttle-deployed) 

Up to 800 km altitudes 
existing debris populations 

Up to 800 km altitudes 
existing debris populations 

Estimated Cost 

0.5-1 

0.5-1 

0 

0 

Integration 





Estimated Cost 

1. 2-2.1 

1. 5-2.6 

4.0-5.0 

8.3-97 

TOTAL P. E. Cost Range 

$13M-$23M 

$16M-$28M 

$57M-$69M 

$93M-$108M 


Figure 1 8. Detailed cost breakdown. 
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Top-Level Program/Cost Matrix-ORION 



System B 


Options for Advanced Technology System 
(using Near-Term Technologies) 


Clear out 200-1500 km altitude range 
in less than 3 years from approval 

Option B1 

(20 h/day operation) 

Option B2 

(20 h/day operation) 

Option B3 

(20 h/day operation) 

100 ps repped-pulse pulsed NdYag 
(2-4 kJ cooled, 1-5 Hz) 

(requires demonstration) 

10 ps repped-pulse pulsed NdVag 
(10-20 kJ cooled, 1-5 Hz) 

(193 rd module of 192-laser NIF) 

CW Iodine 

(2-4 MW, ground-based, 
recycled gas) 

45.9-66.9 

50.9-79.9 

67.9-105.9 

New 6 meter beam director 

New 6 meter beam director 

New 6 meter beam director 

57.3-60.3 

57.3-60.3 

57.3-60.3 

New Sodium Guidestar 

New Sodium Guidestar 

New Sodium System 

7.1-10.7 

7.1-10.7 

7.1-10.7 

Microwave radar; remote or 
located near Pusher site 
(24h/day operation) 

A) New radar near site S80M 
or B) remote radar handover $5M 
or C) GFE Have Stare equipment 
guess transp., setup, use $5M 

Pusher Laser as active illuminator 
and ranging radar 
(24h/day operation) 
estimated additional staff, 
consumables, 

ADP= $16.9M-$25.9M 

or B) Remote redar handover $5M 

Pusher Laser as active illuminator 
(24h/day operation) 
estimated additional staff, 
consumables, 

ADP= $23 9M-J39.9M 

or B) Remote redar handover $5M 

16.9-21.9 

16.9-25.9 

23.9-39.9 

Up to 1500 km altitude 
existing debris populations 

Up to 1500 km altitude 
existing debris populations 

Up to 1500 km altitude 
existing debris populations 

0 

0 

0 

12.2-15.5 

12.5-17 2 

15.6-21.7 

$140M-$176M 

$145M-$195M 

$172M-$239M 


Figure 18. Detailed cost breakdown (continued). 

For a cost on the order of $160 million, orbital debris removal can be demonstrated as part of a 
phased program and the envelope of coverage extended to 1 ,500 km. Configurations B 1 , B2, and B3 
remove all debris below 1,500 km (about 150,000 particles). Costs grow because requirements dictate 
larger primary mirrors (5 to 10 m). 
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For example, option B 1 total costs were derived to be $140 to $176 million. The breakdown for 
this configuration includes a 0.1 -ns pulsed Nd:glass laser operating at 2 to 4 kJ and 1 to 5 Hz and costing 
$45.9 to $66.9 million. Also included is a Government-furnished telescope with a 6-m adaptive primary 
mirror costing $57.3 to $60.3 million. A new sodium guide star subsystem costs $7.1 to $10.7 million. 
The radar subsystem costs $16.9 to $21 .9 million. Integration costs are expected to range from $12.2 to 
$15.5 million. This is a summary of a more detailed breakdown. The total costs for the other configura- 
tions were derived in a similar manner. 

Option B2 would use a 10-ns Nd:glass laser both as a pusher and as a laser radar. The total cost is 
estimated to be about the same as for option B 1 . For option B3, we have assumed the development ot an 
iodine CW laser operating at 2- to 4-MW average power. Our best estimate of the system cost is in the 
range $172 to $239 million. 


9. NOT A WEAPON 


ORION would make a poor antisatellite weapon. Each laser pulse ablates a layer only a few mole- 
cules thick. Thus, at the energy levels delivered, burning a hole through the skin of a satellite would take 
years. Deorbiting a satellite might be accomplished, but it would take months of dedicated operation. 
Hence, accidentally bringing down a satellite is not possible. Satellite sensors looking directly at the laser 
site may be blinded, and some other spacecraft components damaged, but this can easily be avoided with 
the proper operating procedures at the laser site. The procedures would include avoidance of illumination 
of known spacecraft, which is a technique being used today with complete success. As a result, the 
ORION system could be operated without endangering any declared active spacecraft. 


10. SUMMARY 


The orbital debris population poses a significant threat to the ISS and other assets in LEO. Cur- 
rently, millions of dollars are planned toward mitigating the risk, which includes curtailing debris produc- 
tion as well as shielding and maneuvers. 

The characteristics of the orbital debris population including size, shape, composition, reflectivity, 
altitude, and inclination are reasonably well known. The laser/particle interaction and plasma dynamics on 
extremely short timescales are sufficiently understood. Laser propagation through the atmosphere is con- 
strained by many effects including turbulence, absorption, and SRS. Very short pulses allow us to work 
within the limits imposed by these physical phenomena. 

Several proven ground-based laser and sensor technology options have been found to allow con- 
struction of feasible systems. Sensor technology includes ground-based radar systems (e.g.. Haystack) 
and high-sensitivity passive optics that will provide the detection and coarse tracking. Laser options 
include a repetitively pulsed Nd:glass laser operating at 1.06 mm with a 3.5-m adaptive optics primary 
mirror and a single sodium beacon. The integration of the sensor and laser options were more than suffi- 
cient to remove all debris below 800 km. An advanced system using technology becoming available in the 
next 5 years will extend this envelope to 1 ,500 km. 

For a cost on the order of $20 million, orbital debris removal can be demonstrated. For an addi- 
tional cost on the order of $60 million, or $80 million total, essentially all orbital debris in the 1 - to 1 0-cm 
size range below 800 km can be eliminated over 2 to 3 years of operation, thus protecting the ISS and other 
assets (e.g.. Iridium, Teledesic) against debris of these sizes. A cheaper system capable of debris removal 
only to 500-km altitude could be used if the sole objective were to protect the ISS. For a total cost on the 
order of $160 million and an additional year of operation, this envelope can be extended to 1,500 km, thus 
protecting both ISS and Globalstar. 
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The bistatic detection technique using communications satellites, though not selected for inclusion 
in the recommended system architecture at present, may prove to be an inexpensive and readily imple- 
mented means to augment the nation’s space surveillance capability. It may be particularly useful to detect 
and catalog debris in the southern hemisphere, where there is a dearth of sensors at present. 


11. CONCLUSIONS 


Removing 1- to 10-cm debris from LEO using ground-based lasers and ground-based sensors is 
feasible. All five debris categories can be brought down in 2 to 3 years of ORION operations. 

The study objectives have been achieved. Reasonable confidence exists that the systems are feasi- 
ble in the near term. Suitable hardware and facilities exist in the United States to accomplish a demonstra- 
tion experiment. Given the high cost of shielding individual orbiting assets, particularly against debris 
larger than 2 cm, it is strongly recommended that a demonstration be initiated immediately as an alternative 
or complementary debris mitigation approach. 

Russian progress in ORION-related technological areas has been impressive. They presently enjoy 
substantive capabilities and facilities, and are eager to apply these to an international project. This should 
be considered in any plan of action. 

Due to the inherently national character of an ORION-type system, if serious interest develops to 
pursue the capability, it is likely that the DOD should be the preferred agency to develop and operate it for 
the benefit of all spacecraft, be they commercial, civil, or defense, with NASA playing a supporting role to 
ensure benefits to the ISS. There may be sufficient motivation to pursue the bistatic detection surveillance 
technique, whether an ORION system is deployed or not. 


12. RECOMMENDATIONS 


Maximizing the use of Government-furnished equipment hardware, initiate a demonstration pro- 
gram to find, track, and push a suitable particle presently in LEO and verify the change in orbital parame- 
ters. 


This demonstration should focus on using an existing high energy laser. Preferably, a Nd:glass 
laser operating at 1 .06 mm should be used in conjunction with an existing adaptive mirror such as STAR- 
FIRE or AEOS. The remote application of Haystack should be demonstrated as part of this, as well as the 
application of passive optics. 

A few existing, cataloged (i.e., tracked by U.S. Space Command) debris targets with suitable 
characteristics should be identified. Both Haystack and the passive optical tracker should be demonstrated 
against these targets. The laser should then be used to engage the debris, and the resulting change in orbit 
parameters should be measured. 

Based on further study, demonstration findings, and accurate cost estimates, select a configuration 
option either to accomplish the 800- or the 1 ,500-km mission. 

Perform a definitive study of bistatic detection as a surveillance technique and its application to 
augment debris detection capability, particularly in the Southern Hemisphere. 
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TECHNICAL APPENDICES 


A. Advanced ORION Laser System Concept, Prepared by James P. Reilly (Northeast Science and 
Technology) 

B . Target Acquisition for ORION, Prepared by James P. Reilly (Northeast Science and Technology) 

C. Engagement Strategies and Risk, Prepared by R. Sridharan (MIT, Lincoln Laboratories) 

D. Analysis of the ORION System Concept, Prepared by Claude R. Phipps (Photonic Associates) 

E. ORION Optics and Target Engagement, Prepared by Glenn Zeiders (The Sirius Group) 

F. Selection of Laser Devices and Neodymium Glass Laser System Analysis, Prepared by William Dent 
(Dent International Research, Inc.) 

G . Bistatic Detection of Space Objects Using a Communications Satellite System, Prepared by Richard 
C. Raup (MIT, Lincoln Laboratories) 
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Dr. James P. Reilly 
Northeast Science and Technology 
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ADVANCED ORION LASER SYSTEM CONCEPT 

Dr. James P. Reiliv 
Northeast Science & Technology 


Introduction 

The purpose of this brief study is to analyze the complete potential of the solid state laser in a 
very lone pulse/high energy mode of operation as well as in a very short / lower energy mode of 
operation, operating in an actively-uncooled ( termed "Hot-Rod" mode or "Heat Capacity" mode) 
method of operation. Concentrating on the phase aberrations to be expected by operating in such 
manner, the study presented here reports on estimating the bulk phase and intensity aberration 
distribution in the laser output beam during a single repped-pulse train. Recommendations are made for 
mitigating such aberrations. 

Summary of Results; Conclusions and Recommendations 

In this study, we have analyzed the optical performance of an uncooled solid state laser, and for 
reasons of reliability of performance, have chosen a slab-geometry, flashlamp-pumped MOPA design. 
In the pulse-width regime required ( 5-50 ns) the single pulse output fluences allowed by LLNL 
demonstrations, but degraded for repped operation, allow reasonable-shaped MO pulses to be amplified 
to the reuquireed energy level with little or no extraction-induced phase aberrations. Further, using 
LLNL data on thermal gain limitations, 100 -1000 pulses should be extractable from the laser device 
before gain reduction and other spectroscopic effects begin in the gain medium. At this point, optical 
pumping and lasing should be ceased, and cooling begun to return the medium to its original state. The 
analysis indicates that pump-nonuniformities and intrinsic gain medium nonuniformities will probably 
be the limiting causes of beam phase aberrations, as well as those in associated optical elements — all of 
which point to engineering design and perhaps adaptive optics to ameliorate those effects which cannot 
be eliminated by quality control and good engineering. 


Statement of the Problem 

In designing single-pulse solid-state uncooled lasers, the concentration typically is on the 
extraction of maximum single-pulse energy at the desired pulse width with the desired beam average 
phase uniformity. In designing repetitively -pulsed solid-state actively-cooled lasers, the concentration 
is typically on the extraction of maximum long-term average power at the given pulse width and desired 
pulse repetition rate, all with the desired beam average phase uniformity. 

In the present study, however, the concentration is on the design of uncooled solid-state lasers 
with the extraction of maximum total emitted laser energy ( single-pulse energy X pulse rep rate X 
run-time) with a specified pulse width and with minimum area-integrated beam phase aberration, all 
with an eye toward systems which can be cooled down relatively quickly to repeat this repped-pulse 
lasing cycle in a reasonably fast turn-around time. 


Method of Approach 

In this analysis, we : 

1 . first lay out the alternatives to the modes of operation 
- geometry of the gain medium ( slab vs rod) 

-amplifier vs oscillator operation 

2. then outline the key issues affecting the present problem 
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3. then discuss heat deposition and its effects on phase differences across the beam 
4 then analyze the sources of phase aberration in the output beam, and 
5. finally identify potential mitigation approaches 

Technical Analysis 

A) Mode of Operation 

Figure 1 shows the basic geometries of solid-state lasers : 

1 rod gain medium :axial extraction, radial pumping, radial cooling 

2. slab gain medium: long-dimension extraction, short-dimension pumping and cooling 

3. slab gain medium: Brewster's-angle extraction and pumping, short-dimension cooling 

Figure 2 shows the laser design trade-off parameters One of the important parameters is the 
maximum extractable fluence ( joules/cm 2 of output) which the gain medium material can handle 
without important irreversible damage in bulk or at the surface. The current values of maximum damage 
threshold for SINGLE-PULSE operation at various pulse-widths are showing Figure 3. Note that in the 
region attractive to ORION ( 5 to 50 ns ) the allowable output fluence at 1.06 microns is between 10 and 
20 joules/cm : for glass and YAG hosts doped with Nd ions. 

It is well known for both gas lasers and solid-state lasers, that oscillator or resonator extraction 
techniques produce the highest extraction efficiency and the most compact and lighter-weight laser 
designs, while master-oscillator/power-amplifier (MOP A) extraction techniques can provide higher 
beam quality, more flexibility and tighter control of the output waveform and phase / frequency content 
of the output beam at the price of larger, heavier and more cumbersome laser system designs. 

SINCE MINIMIZING FLOOR-SPACE AND WEIGHT IS NOT AN OVER-RIDING 
CONSIDERATION FOR THE GROUND-BASED ORION CONCEPT, WHILE MAXIMUM 
FLEXIBILITY AND CONTROL AT HIGH BEAM QUALITY IS OF UTMOST IMPORTANCE. WE 
HAVE CHOSEN THE MOPA AS OUR RECOMMENDED LASER ARCHITECTURE. 

The next mode of operation to be chosen is the cooled vs uncooled version of the solid state 
laser. Clearly for single-pulse operation, no cooling is considered. For rep-rated operation however, 
whether to cool or not IS an issue. Clearly for continuous 24 hrs / day operation, we require active 
cooling. However, for an operating mode where one 30 second debris engagement occurs every 10 
minutes or so in one two-hour penod at dawn and another at dusk ( a very real possibility for a viable 
near-term system), one must question whether ACTIVE cooling is necessary during lasing, or just a 
rapid cooldown between shots. These two operating scenarios can result in VERY different laser 
designs, with the former (active cooling while lasing) being a MUCH more difficult ( and hence time- 
consuming and hence expensive) laser design than a simpler, cheaper and potentially more robust 
system which simply needs to be cooled down between bursts. It is the latter system which is discussed 
in this report. 

B) Key Issues 

Figure 4 lists the issues which must be considered in any solid-state laser design as to damage, 
performance as a simple laser energy source, and performance as a source of coherent radiation. 

We assume in this report that issues of damage and performance as an energy source are taken care of 
by good engineering design We discuss her those issues concerning beam quality, especially those 
important to an active optical system whose function it is to compensate for these in real time, either 
open-loop (by pre-programming) or in closed-loop operation using sensors and feedback loops. 
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Line-Width Dependence on Temperature Level (higher temperatures mean wider linewidths) ndyag20.doc 03/20/96 


C) Heat Deposition Analysis 

The discussion of heat deposition in the solid state laser is dominated by the line spectrum of 
the absorption by the solid state laser's gain medium convolved with the power spectrum of the pump 
source, and to a lesser extent the design of the optical cavity which traps (or does not trap) the pump 
radiation for ultimate absorption by the gain medium. The conventional mode of operation fro small 
lasers and/or CW lasers is to use efficient CW Diode lasers as pump sources. Because the CW diode 
laser is tuned exactly to the desired absorption bands in the solid state laser, waste heat is limited to 
quantum efficiency effects in the pumped solid-state laser However, these CW diode lasers are too low 
in power to pump the multi-kilojoule lasers required for ORION, so we are left with the conventional 
pump sources —dominated by doped Xenon flashlamps. Figure 5 (ref 1) shows typical energy 
deposition fractions compared to typical laser extraction. Perhaps only 8% of the input lamp power is 
absorbed by the laser gain medium, and only 2% of the input lamp energy appears as output laser 
energy. Hence, this figure would indicate that of the deposited energy in the solid state medium, 25% is 
emitted as radiation and 75% remains as heat. Figure 6 and 7 (from refs. 2,3 and 4) show more recent 
achievements in efficiencies, including the additional efficiency levels for cooled systems, either real- 
time actively-cooled or between-burst cooling as is discussed here. Note the efficiencies for diode 
pumping in Figure 7, and summarized below. 


Pump Scheme 


Diode Pump Flashlamp Pump 


Electrical Power Into Pump 
Power Absorbed by Laser 
Power emitted by laser 
Power Remaining as Heat 


100 units (U) 
70 U-90 U 
1 U-14 U 
50 U- 90 U 


100 U 
50 U-75 U 
0.3U-7U 
45 U - 75 U 


It is these inefficiencies which must be addressed in the laser design , because it is the waste heat 
LEVEL and its DISTRIBUTION which dictate the phase aberrations produced in the beam. Note 
however, that the differences in diode pumping and flashlamp pumping are minimal as far as phase 
aberrations go. The major difference is in the size and complexity of the power supplies which power 
them. 


Figure 8 sketches the energy level diagram for 3-level and 4-level solid state lasers., and sets the 
nomenclature for the gain terms. Figure 9 sketched the thermal profiles in an amplifier stage which is 
r ela tively well-filled with laser intensity, but which (as it must) has zero intensity near the edges of the 
gain medium Note the thermal profiles immediately after the extraction and the slower-timescale 
deposition (leakage) between extraction pulses due to the slow upper-state decay which being excited by 
the pump light. Figure 10 shows the expressions for the time-dependent heat deposition in the solid 
state laser medium. Figures 11 and 12 list the equations used here to analyze the time-dependent 
thermal profiles . Figure 13 shows the temperature change all along the optical axis of the final 
amplifier stage immediately after an extraction pulse. Clearly, the more solid medium is used (ie, the 
longer the gain medium "L") the less is the temperature change, because of the increased heat capacity 
of the laser medium . After the extraction, heat continues to be deposited, because of the finite-rate 
leakage out of the upper states of the laser medium between pulses. Figure 14 shows the temperature 
change all along the optical axis of the last amplifier stage JUST BEFORE the next extraction pulse 
(when the gain has been pumped up to design value). In the next Section, we will use these temperature 
changes to scope the requirements on beam phase homogeneity. 
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SOLID STATE SYSTEM EFFICIENCY 










Diode conversion and heat rejection efficiency show biggest 
oavofl potential for system efficiency 



SCALING SOLID STATE LASER 





NST amplifier thermal inhomogeneities 
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Upper laser state 

Extracted energy (e t|q) leaves "instantly" 
Un-extracted energy ((1-e)^|Q) relaxes slowly into 

heat 



AMPLIFIER HEATING ON A SINGLE PULSE 
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D) Phase Aberration Analysis 

Figure IS shows the relations which give rise to phase inomogeneities A 4* —the temperature- 
dependent index of refraction of the gain medium and its thermal expansion (ie physical length growth) 
due to hearing in the center of the medium as compared to the region near the edge of the medium 
which has been pumped optically just as hard as the center, but has had no laser extraction ( so it will 
tend to get hotter than the center after upper-state relaxation to ground). Figure 16 shows the phase 
difference between the optical axis and the medium edge resulting from various AT's along various 
length gain media. The very simple relation tells a very powerful story — keep either the temperature 
difference between center and edge very small ( ie DO NOT COOL, and FILL THE GAIN MEDIUM ) 
or keep the medium very short. Or both. A value of A T of 0.3 keeps the far-field intensity within 10% 
of that of a.diffraction-limited beam. The simple formula below described this relationship. 

I / Io = 1/(1+ ( A ¥ ) 2 ) 

Figure 17 uses AT = 0.3 as a limit, and relates the temperature rise in the slab center to the extracted 
single-pulse fluence. For Nd Yag, up to 20 joules /cm 2 are allowed ( ie UP TO MATERIAL DAMAGE 
THRESHOLDS !!! ) before the temperature differences are noticeable. If we limit the beam to the 1-20 
joules/cm 2 region, no gross extraction effects should be seen in uncooled amplifiers. The major thermal 
differences will therefor be dominated by pump uniformity -that is good engineering of the pump lamps 
and their optical cavities. Another cut at this conclusion is shown in Figure 18, which indicates that 
flat-top (or equivalently super-gaussian shaped) amplifier pulses are not required for radial thermal 
uniformity at the 10 joule/cm 2 output level. 

As to temperature level, the "Hot Rod"(ref 4) or "Heat Capacity Mode" (ref 5) or Thermal 
Inertial Laser" (ref 3) methods of operation — all equivalent ,simply different names given to the same 
concept — has very reasonable upper temperature-level limits before the gain begins to decrease. Figure 
19 shows the centerline temperature rise after a single pulse as functions of the gain slab thickness and 
pump pulse irradiance. Clearly, the more solid gain medium we have (ie the thicker the slab) the less 
the temperature rise produces in the slab by the given energy delivery. The LLNL Beamlet laser and 
others at LLNL used as models in this study pump in the region 0.2 to 2 joules of pump light per square 
cm of slab surface area, have been successful cooling this energy density with active gas or liquid flows 
for truly-continuous repetititve-pulse operation of Beamlet laser designs for the National Ignition 
Facility (Ref 7 ) Figure 20 shows the successfully-demonstrated cooling rates on laser slabs at LLNL 
and the operational laser slab optical pumping heat loadings at LLNL ( Refs 6 & 7) , and the implication 
for CONTINUOUS rep-rated operation of the Beamlet laser, and this bodes well for cool-down between 
bursts for the "Hot-Rod" mode of operation. Using these pump fluence levels and gain slabs in the 0.5 to 
2 cm thick region will produce small (0. 1-1 °C ) termperature rises in the slabs for each pulse. This 
temperature rise per pulse will allow 100 to 1000 pulses to be emitted from the UNCOOLED medium 
until the temperature level of 350 K to 400K (ref 6) is reached, where gain reduction begins as well as 
Stark level redistribution, resonant re-absorption and line spreading (mentioned in Figure 4 as 
considerations) begin to become important (ref 5 , where 390 K is recommended as an upper limit) 

Conclusions 

In the above, we have analyzed the optical performance of an uncooled solid state laser, and for 
reasons of reliability of performance, have chosen a slab-geometry, flashlamp-pumped MOPA design. 

In the pulse-width regime required ( 5-50 ns) the single pulse output fluences allowed by LLNL 
demonstrations, but degraded for repped operation, allow reasonable-shaped MO pulses to be amplified 
to the reuquireed energy level with little or no extraction-induced phase aberrations. Further, using 
LLNL data on thermal gain limitations, 100 -1000 pulses should be extractable from the laser device 
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Because of longer wavelength, holmium (2 nm) lasers can handle more heat deposition than YAG 
Because of faster thermal diffusion, Holmium-YLF and NP:YAG have higher PRF than glass host materials 



GOOD QUALITY BEAM - USABLE OUTPUT FLUENCES 



Quantum-defect heating allows higher output fluences 
than current output reflector surface damage limits 
Output fluence limited by surface damage, not mediuir 
heating and phase shifts 
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Careful beam shaping and output-beam corrections 
allow use of output fluences above 10 J/cm 2 
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LLNL Demonstrated Cooling Rates and Energy Deposition Indicates 10 - 20 hz Appears Feasible 







before gain reduction and other spectroscopic effects begin in the gain medium. At this point, optical 
pumping and lasing should be ceased, and cooling begun to return the medium to its original state The 
analysis indicates that pump-nonuniformities and intrinsic gain medium nonuniformities will probably 
be the limitins causes of beam phase aberrations, as well as those in associated optical elements all of 
which point to engineering design and perhaps adaptive optics to ameliorate those effects which cannot 
be eliminated by quality control and good engineering. 
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Target Acquisition for ORION 


Dr. James P. Reilly 

Northeast Science and Technology 
117 North Shore Blvd 
East Sandwich, Ma 02537 
508-833-8980 


Introduction , . . . . 

The purpose of this section is to define the capability of purely-optical techniques to provide the initial 

acquisition of the debris targets, with subsequent handover to the "pusher" laser system for causing its demise by 
inducing de-orbiting. 

We first repeat the target set definition to insure consistency with the other analyses performed by 
ORION Team members. We~then use MIT/LL Haystack data to produce a debris number density distribution, 
this to be used in conjunction to the basic debris flux density distribution derived by MIT These two models ( 
number density and flux density distributions) are then used to obtain the requirements on a purely-radar system 
as well as a purely-optical system to provide acquisition of all targets of interest ( currently estimated at between 
30,000 to 100,000 in number) in the orbital altitude regions of interest to NASA 

Definition of the Target Set 

As can be seen in Figure 1 ( ref. 1&2) , the 6 canonical objects of interest to ORION are varied in size, 
shape, material, orbital parameters and optical properties. Since the majority of the debris population is currently 
believed to be Target Class A (the NaK spherical solids), we shall concentrate on the acquisition of these objects , 
knowing that we will have to examine the robustness of the acquisition systems proposed for consideration as a 
result of these analyses. Examination of Figure 2 shows a model for the current estimates of the population 
distribution function (ie, the number densities of debris objects larger than a given size). Note that current 
estimates indicate more than 100,000 objects in the 1 cm diameter object class analyzed here or larger. 

Figure 3 ( taken from MIT/LL presentation at the October 1995 ORION review) show the actual 
measures counts per hour as well as the derived flux of objects larger than 1 cm in diameter through a stationary 
HAYSTACK beam set up with a 1 millirad FWHM beam divergence, pointed vertically. The data was plotted by 
MIT in 100-km-high altitude bins from an orbital altitude of 300 km to 1500m. As a check on the total detection 
rate quoted by MIT for the 300-1500 km range, the mean flux of objects through the cylindrical measurement 
area would have to be given by : 


6 objects / hr 

Flux = = 1.4xl0' 5 objects / m 2 - year 

n x 1 km x 1200 km 

which is in good agreement with the general scale of detected objects shown in Figure 3. 


Ref. 1 ORION review, 16 October, 1995 
Ref. 2 ORION review, 12 December, 1995 
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Target: 

A 

B 

C 

D 

E 

F 

Description 

Na/K 

carbon 

MLI 

crumpled 

steel tank 

steel tank 


sphere 

phenolic 


aluminum 

rib 







support 


inclination, deg 

65 

87 

99 

30 

82 

60 

apogee, km 

1020 

930 

1190 

1020 

800 

1500 

perigee, km 

870 

610 

725 

520 

820 

980 

Area/Mass, cm 2 /gm 

1.75 

0.7 

25 

0.37 

0.15 

0.13 

actual size, cm 

1 

1 x 5 

0.05 x 30 

1x5 

1 x 10 

100x100x0.2 

actual mass, gm 

0.45 

28 

28 

54 

65 

75,000 

periodicity, sec 

— 

10 

0.2 

1 

— 

30 

surface 

metal 

quasi / 

dielectric / 

charred / 

metallic 

metallic 



metallic 

metal 

shiny 



Bond albedo 

0.4 

0.02 

0.05-0.7 

0.05-0.7 

0.5 

0.1 

% of population 

40% 


significant 

significant 




Figure 1 : ORION target classes : identification and important characteristics 


If, on the other hand, we assume a total of N = 100,000 such objects orbiting the earth in a spherical shell 
of thickness AH and extending from an orbital altitude H of 300 to 1500 km, and uniformly filling the shell, we 
would expect a mean flax Q ( ie, objects / m 2 -year) averaged over the entire shell to be given by: 

N (objects) x V ( orbital velocity') 

Q = 

4 n ( Rcarth + H ) 2 ( AH) (ie, the shell volume) 


100,000 objects x 7 km/sec 

= 2.7 x 10' 5 obj/m 2 -year 

4 n ( 6378 km + 950 km ) 2 ( 1200 km) 
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Cumulative Number of Objects Larger than D 


1E+6 



Object Diameter d, cm 


[Figure 2: Debris Distribution Function (taken from ORION Project Review, 12/12/95) 
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This value is sufficiently close to the measured detection rate by HAYSTACK that the uniformly-filled 
shell (or more accurately, layers of uniformly-filled shells) debris-distribution model will be used here to 
investigate alternate Radar and Electro-Optic ( EO ) detection strategies in the following sections. 

We can use this uniformly-filled but layered-shell model to evaluate postulated search strategies for 
acquiring a major fraction of the debris population in a reasonable 
(for example , less than one year) time . 

Figure 3 shows the measured flux Q of space debris objects larger than approximately 1 cm diameter vs 
orbital altitude ( in 100 km altitude bins) as estimated from HAYSTACK data ( the details are described in the 
next Section). Using the above discussion, we can estimate the effective 3D inter-object spacing between debris 
objects in this altitude region, as well as the projected 2D inter-objects spacing between those objects. 

The "snapshot" 3D spatial distance between objects is of use to estimate the instantaneous line-of-sight 
mean separation between debris objects as well as the instantaneous azimuthal separation between those objects 
for a acquisition systems with high-resolution LOS range resolution and high angular resolution pulse, such as a 
laser radar or high-resolution microwave radar. The mean azimuthal 2D spatial distance is of use to estimate the 
angular separation between objects for acquisition systems with poor LOS resolution and good angular 
resolution, such as passive (or quasi-CW active optical illuminator) systems 

The "snapshot” 3D spatial distance between objects can be obtained simply by tasking the measured 
detection rate ( Q ) of objects larger than 1 cm diameter and dividing by the orbital velocity at that altitude. That 
is, since 

Q (objects/ sq. meter -sec) = n ( objects / cubic meter) x V (meter / sec) 


and since 

n (objects / cubic meter) = 1 object / [ 4/3 7i (S (radial separation, meters)) 3 ] 


we have 

S ( 3D radial separation, meters ) = [n 3/4 ( V / Q )°' JJ ] 

Likewise, we can radially project the population of the debris belt and find a mean expectation value for the 2D 
separation . The total number of debris objects in a thin shell of thickness A H is 

N (objects) = n (objects / cubic meter) x 4 n [ R eart i,+ H (orbital altitude )] 2 x A H 

We can projects how many of these objects will appear on a sensor pixel at any given time by projecting the 
radial distribution of debris objects onto a plane, and the calculating the mean 2D radial spacing L of the 
projected images. This will be a measure of the mean radial spacing seen by a sensor system with poor LOS 
resolution and good angular resolution. Equating the total area occupied by these particles to the surface area of 
the shell at the orbital altitude of interest, we get 

N 7t/4 L 2 = 4 7t [ R earth + H (orbital altitude )] 2 

and substituting the previous equation relating N to n and A H, we obtain an expression for the 2D projected 
azimuthal separation : 


L = [ 4/rc V / A H x Q ] 0 5 

The characteristic 2D separation L in 100 km thick altitude bins in which the MIT data was reported,, and the 
characteristic 3D separation S also in 100 km thick altitude regions, are plotted in Figures 4 & 5. Note that at 
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HAYSTACK Debris 
Measurements 




FIGURE 3 : HAYSTACK measurements of debris count vs 
altitude in 50 km altitude bins and derived flux 
of objects into cylindrical beam 


detecfn.xls 
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the orbital altitude where the highest debris density is expected from the HAYSTACK measurements, the mean 
3D spacing between debris objects is on the order of 100 km apart, in which case we could estimate a lower 
bound for detection as 100 km / 7 km/sec = 14 sec between object-detections. Since however the cylindrical 
measurement area of the beam has a diameter only 1 km wide azimuthally , it is much narrower than the lateral 
spacing between objects in our model, and so the time between two detections could be as long as 1 00 (ie, 1 00 
km lateral particle spacing / 1 km beam width) times the 14 seconds, or 0.39 hours. Hence the LOWEST 
detection rate for debris in the high-density orbits would be 2.6 detections / hour. This is consistent with the 
HAYSTACK measurement of 6 detections / hour. The model is within a factor of about 2 of reproducing the 
HAYSTACK results, and gives us a more general tool to examine detection techniques and strategies. 

As an example, a general search over the entire 300 to 1500 km altitude band set up on the basis of the 
TOTAL number of objects expected ( nominally 100,000 ) spread uniformly over the band would expect the 
objects to have a 3D spacing of about 125 km, and a 2D separation of about 50 km . As seen on Figures 4 and 5 
The beam sizes and scan rates so determined would find it very difficult to search the lower altitude region 
( where the debris density is far lower than the ensemble mean), and would produce much higher detection rates 
than expected in the high-debris-densitv region around 1000 km. For example, a narrow beam passive optical 
system (ie, one with no range resolution) searching for debris in the 400 - 600 km altitude region would , from 
Figure 4, want to have a search Field Of Regard with a radius of about 200 km, and it w ould scan inside that 
radius with a Field Of View set by debris signature Signal-to-Noise and Signal-to Background ratios with 
optimized integration times and scan patterns. These will be discussed below’. 

General Discussion of Acquisition Approaches 

In general, acquisition of remote objects for observation and tracking is accomplished by the observation of 
either self-emitted or reflected optical energy, RF energy, acoustic energy or other quanta in comparison to some 
background level. In particular, only optical and radar sensors are usable to acquire ORION targets. The three 
approaches below are ones which currently appear to even have a chance, given the slant ranges, object sizes and 
sensor characteristics involved 

1 . a microwave radar - with characteristics similar to the MIT ILL HAYSTACK radar, but with a scanned 
beam (repeated linear one-dimensional scan) or a "bow tie" (repeated two-axis scan). 

2. a passive optical system - an astronomical-class telescope perhaps with an angle-scanning capability along 
the lines suggested by MIT/LL for a modified HAYSTACK-type radar. The illumination of the objects would 
be by sunlight. The size of the instantaneous Field of View of the system fixes the instantaneous spot size 
being viewed, while the angle-scanning capability determines the search Field of Regard. 

3. an active illuminator laser system - economy dictates that if this option is chosen, the transmitter would use 
the Pusher laser as the energy source, but would use a de-focused beam to interrogate a large spot in space 
for the detection function. 

In the sections below, we discuss in detail the driving parameters for each of the above approaches, and using 
experimental data and demonstrated characteristics of operational hardware, suggest approaches to acquire and 
track the ORION target set debris objects. 

Summary of MIT/LL's All-Radar Acquisition Approach 

The all-radar approach has been extensively analyzed by MIT/LL during the course of the first phase of 
ORION. A radar system with beam parameters similar to those existing at the HAYSTACK facility’ is required 
for detection, acquisition , identification, track and handover to the "pusher" laser system. HAYSTACK has been 
used by NASA to detect, acquire, identify and track space debris objects down to approximately 1 cm diameter 
at orbital altitudes from 300 km to over 1500 km. Using HAYSTACK in a staring mode at 0° zenith angle ( ie, 

90° elevation angle) with 1 millisecond pulses, a 40 - 50 hz rep rate and a 1 milliradian FWHM beam ~ 
divergence, detection rates of up to 6 / hr were recorded on objects larger than 1 cm ( estimated from RCS data). 
This means that 6 objects 1 cm in diameter or larger entered the beam with a measurement area of 
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mean orbital altitude, km 




* 

I 

V 


o> 

c 

mmm 

o 

CO 

a 

re 

co 

W 

a> 

Q 

Q 

co 


<0 

0) 


E 

•x 

o 

© 


o 

<0 

re 


c 

o 

'<5 

2 

re 

a 

re 

re 


i 

8 


1 

S' 

O 


CD 

© 

*D 

C 

3 

9 

© 

00 

O) 

c 

o 

© 

a. 

CO 


© 

> 


© 


CO 

CO 

•ft 


i 

S' 

o 


£ 

0 

X 

* 

CO 

5 

*D 

5 c 

1 „ 

c 

II 


O 

> 


i 

CO 


CO 


•HI 

1 

© 

JZ 

o 

c 

7T 

re re 


re 

© 

i • 

3 o 
o *c 

o 

> 

Q 

_c 

X 

3 

a 

re 

D 

> re 

CO 

5= 

CO 

_ £ 

c 

C 

c 

Q 

© = 

© 

© 

CO S’ 

© © 

© 

© 

r# re 

2 £ 

2 

2 


o> 

,o 

o 

c 

-c 

o 

A 

•o 

c 

CD 

CD 

O 

•I 

re 

CO 

<p 

0> 


&i 

zl 



0091 
009 V 
OOtV 
00 U 

002 V i 

00 U | 

000 V jj 
006 | 
008 | 

00 1 § 
009 
008 

‘ 00 * 

> oot 


UJ 

o 



ui 

o 


iX-ui bs/spefqo »|qe^*)9p 
V>p-Q ‘WJ uot*D9|9p 


sja^aui *utq 9pn)j)|e un\ 00V ui 
•piqpiv U 9 AI 0 %* n^ 9 fqo UMM)aq 

uoqejvdM (qc) |wpcj UVMU 


76 


detect’n xls 



approximately 1 km in diameter (ie, 1 millirad x approximately 1000 km range) by approximately 1200 k m high 
(ie 1500 km max. altitude minus 300 km min. altitude). Since the length of the radar pulse used was 1 
millisecond the length of the "slua of light” moving along the radar line-of-sight (LOS) was 300 km, hence 
range resolution is only on the order of 1 50 km in LOS. At orbital velocities of 7 km/sec (appropriate to the 300 
to 1500 km altitude range), the stay time of a debris object in a 1 km wide beam is no longer than 0.14 second, so 
one would think that high PRFs could be used to yield more data when a debris object entered the beam ^ 
However, since the round-trip time between the transmitter and the debris band was only 2 millisec ( tor 300 km 
altitude) to 10 milliseconds (for 1500 km altitudes), PRFs less than only 100 hz were allowed without "blinding 
" the received signal with the next outgoing pulse. 

The achieved total detection rate of 6 / hr is too low for ORION, especially considering the fact than 
about 50% of these will be climbing toward zenith (and hence a candidate for the Pusher laser), but 50% will be 
expected to be descending from zenith ,and so are not candidates. In fact, at a useful detection rate of 3/hr, it 
would take 33 000 hrs (4 years at 24 hrs/day, 365 days/vears of dedicated operation) to detect 100,000 debris 
objects of interest, EVEN ASSUMING THERE WERE NO REPEATED DETECTION OF THE SAME 
OBJECT ON SOME SUBSEQUENT PASS OVERHEAD. Clearly, a different approach is required. 

MIT has proposed that another approach to the use of the radar be considered to dramatically increase 
the detection rate : that of a "picket fence" rather than a stationary staring beam be used . along with a longer 
pulse, to increase the measurement area from the single-beam 1 km x 100 km to one with 10 km (or more) x 100 

km . 

In the picket fence ( or as MIT/LL terms it, the "bow tie” mode) the beam would scan the sky at its 
current scan rate so that effectively 10 or more angular beam positions are used to define a broader area through 
which the debris must pass. Since the debris orbital velocity is on the order ot 7 km/sec. and the inertial velocity 
of a staring radar beam at the debris altitude is only on the order of 0.5 km/sec (inertial velocity = earth rotation 
rate x earth-radius-plus-orbit-altitude), it is appropriate to scale the measured entrance rate of detectable debris 
from the existing HAYSTACK data to the debris entrance rate into a beam "array" linearly with the measurement 
area interrogated by the beam. 

The fence would be erected not at zenith, but rather at a low elevation angle, perhaps at 30" elevation or 
less , to allow subsequent time for handover to the Pusher laser and for impulse deliver} prior to debris reaching 
zenith. At 1000 km orbital altitude, the 1 millirad beam with 30° elevation angle would be approximately 2 km 
wide. A scan pattern 10 beams wide increases the azimuthal size of the area from the previous 1 km (one vertical 
beam) to 20 km (10 osculating beam positions each 2 km wide), and using the longer-pulse option (ie 5 
millisecond, not 1 or 2 ) gives higher S/N ratio for increased delectability and tracking precision Figure 6 shows 
the benefit of this approach to object detection, which reduces to total detection time down to a tew months. 
Figure 6 uses the recommended 20 hr / day operation suggested by MIT. 
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detection rate , detections / hr 


Figure 6: Total Detection Time is Faster with Scanned RADAR Beam Concept 


The HAYSTACK 120 ft. diameter antenna is capable of a sustained angular velocity of 35-40 

millirad/sec and angular accelerations of 35-40 millirad/sec 2 . Radar antennas can,be built to have even higher 
rates. MIT/LL indicates that the ALT AIR 1 50 ft diameter radar antenna has angular velocities and" aCceTeWTlbns 

five ( 5 •! ) times those of HAYSTACK. With the HAYSTACK rates, the antenna could complete a 10-non- 
overlapping-spot scan (10 x 1 millirad) and return to its original beam position in: 

Wim = 2 x 10 millirad / 37 millirad/sec = 0.54 sec 

A higher scan rate ( and/or using a scan doctrine with overlapping beam positions) would ALWAYS allow the 
radar to return to the original spot BEFORE A DETECTED OBJECT HAD LEFT THE MEASUREMENT 
AREA , since the transit time of an orbital object at these altitudes across a stationary 2 km-diameter beam is 

ttransit 2 km / 7 km/ sec 0.28 sec 

A higher scan rate ( say 50 -75 millirad/sec - still substantially less than that of the ALTAIR radar's 150-200 
millirad/sec angular velocity capability) would allow return interrogations prior to the debris leaving the scan 
region , which would be useful for verification, further discrimination and increased tracking precision. 


General Discussion of the Acquisition Approach and Requirements 

As we discussed above, the search rate must be such as to detect, acquire, discriminate and hand over a 
debris target in a time no longer than it takes the object to climb say less than about 20° or 30° toward zenith 
from its original detection elevation angle. Because we are discussing ground-based systems (or at best 
elevations less than or equal to that of the AMOS facility in Hawaii -- ie, 10,000 ft above mean sea level), the 
optical system will not be able to operate much below about 10° to 20° elevation angle. This set of practical 
limits however still allows the Pusher laser a range of elevation angles from about 40° or 50° all the way to 90° 
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,0 accomplish its tmpulse deliver, function -a maximum of about 20 to 30 seconds. This will be important in 
helping to scope the required energy level, spot size and pulse repetition rate required of the Pusher function for 

the ORION laser. 

The detection, acquisition and discrimination function could be accomplished by. 


I a microwave radar - with characteristics discussed above, similar to the MIT /LL HAYSTACK radar, but 
with a scanned "picket fence" (repeated linear one-dimensional scan) or a "bow tie” (repeated two-axis scan) 
o a passive optical system - an astronomical-class telescope perhaps with an angle-scanning capability along 
the lines suggested by MIT/LL for a modified HAYSTACK-type radar. The illumination of the objects would 
be by sunlight. The size of the instantaneous Field of View of the system fixes the instantaneous spot size 

being viewed, while the angle-scanning capability determines the search Field of Regard. 

3. an active illuminator laser system - economy dictates that if this option is chosen, the transmitter would use 
the Pusher laser as the energy source, but would use a de-focused beam to interrogate a large spot in space 
for the detection function 


The size of the interrogated spot, the rate of active interrogation (by either the illuminator laser or by the 
microwave radar) and both the spacing and the number of objects expected to be present scales the total time to 
detect the objects.. For example, the HAYSTACK radar, in the mode used for NASA for the detection of 6 
objects/hour, used: 

1 a stationary beam at 90° elevation angle 

2. a beam divergence of 1 milliradians FWFIM 

3. an interrogation range of trom 300 km out to 1600 km 

4. a pulse repetition rate less than about 50 hz 

For these conditions, the beam was about 1 km in diameter (FWFIM points of the intensity profile) The orbital 
velocity at 1000 km is about 7 km/sec, and so the stay-time of a potential debris particle is less than 1 km 7 
km/sec = 0. 14 sec. At 50 hz, the radar can illuminate the object up to 7 times, making for a more precise 
determination of tracking data, but at the same time slowing up the detection process. Substantially higher PRF's, 
however, can NOT be used because the round-trip time limits the PRF to less than 100 hz beyond which the 
return signal from the debris is "blinded" by the next outgoing radar pulse. This would not be the case if separate 
transmitter and receiver dishes were used, but these instruments are extremely expensive, and the option is not 
considered further in this discussion. 

Dividing the surface area of the spherical shell of debris around the Earth at an altitude of 1000 km by the 
area of the 1 km radar spot gives 8.7 x 10 s such spots. If the radar or laser illuminator tried to interrogate each of 
these 1 km spots WITH JUST ONE PULSE at a PRF of 50 hz, slewing to a new angular position between each 
and every pulse, it would take 1.7 x 10 7 seconds, or about 6 months. In reality, 2 or 3 "hits” are required to 
verify detection and to acquire even a rudimentary velocity vector for handover, so the required time to cover the 
sky is 1 to 2 years, 24 hrs each day, 365 days each year. Note that at these conditions, the required overall slew 
rate would be smoothly moving one full beam position (1 millirad ) in two-to-three interpulse times ( 2 to 3 x 
1/50 of a second ) or 15-25 millirad/ sec. This is NOT impossible, since the 150 ft diameter ALTAIR radar dish 
has a slew rate of up to 200 millirad/sec, and even HAYSTACK'S slew rate capability is 40 mi Hi rad/sec. The 
angular rate capability of large optical systems is even higher (see Figure 7 ) . 

Clearly, the way to shorter total detection times is with larger measurement volumes, either with large 
single-pulse beams (which may require high energy pulses) or with slewed beams (which require controllable- 
slewrate beam directors) for either radars or laser illuminators. The total detection time T*, interrogation rate to 
(new beam positions per sec), pulse repetition frequency PRF, single-pulse interrogation area n / 4 d s 1 2 , debris 
al titude H and total number of debris objects N , can be related by the following simple equations: 


1. For solar illumination or irradiation by a CW radar or laser illuminator ( ie, no range information, just 

angular resolution), the characteristic time to search the entire sky with no repeat-interrogations is : 
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HAYSTACK 36-ft RADAR 0 035 rad/sec 2 0.04 rad/sec 

ALTAIR 80-ft RADAR 0.20 rad/sec 

HAVE STARE 80-ft RADAR 0.035 rad/sec 2 0.04 rad/sec 


471 steradians / FWHM beam resolution angle (sterradians) 


* — 


[co (new resolved spot positions /sec) ] 


A nomograph of this equation is presented in Figure 
resolution angle as a function of orbital altitude ( ie. 


8 , including also the stay time of a debris object in the 
orbital velocity) and resolved spot diameter at altitude 


tstay d spot / V or bit 

and also the time elapsed for a slewing receiver to move one spot width (ie, the time between completely new 
measurement areas) 


t swlch = FWHM resolution angle / receiver slew rate 

We’ll discuss Figure 8 further in a later section, but for now we can point out a few things of interest. The Figure 
shows that the HAYSTACK radar beam divergence is 1 millirad, and so produces a 1-km-diameter spot 1000 km 
ranee. The stay-time of an orbital object in that beam at that altitude is no longer than 0. 14 seconds, allowing 
lots of pulses to illuminate it and provide better information. Since the HAYSTACK has a maximum slew rate of 
about 40 millirad/sec ( 0.04 rad sec), it COULD be used to search the complete sky in about 90 hours of 
operation (in 4.5 days of 20 hr/day operation). In such a mode of operation, the time the beam would take to 
move one millirad would be about 0.025 seconds, and so would take a "snapshot" of the debris content of that 1 
milliradian solid angle. There would be a low probability of an object entering (or leaving) the measurement area 
before the beam moved on . 

2. For active irradiation with a repped-pulse radar or laser illuminator ( ie, with both range and angular 
resolution) the characteristic time to search one range of orbital altitudes with REPEATED interrogations is: 

surface area of specific debris sphere [ 4 % (Rearth+H) 2 ] / beam area [tc/ 4 d spo i] 

y * = 

© (new beam positions / sec) [= PRF / 3 ("hits" per beam position) ] 


the resolved measurement area. We have assumed here that three (3) pulses are necessary This relation is 
virtually identical to that for a CW sensor, with the exception that the RP sensor does not have the advantage of 
collecting return photons during the entire stay of a debris object for the required measurement accuracy, so the 
RP laser or RP radar illuminator has an interpulse time which is 1/3 that of the time it takes the beam director to 
move to a brand-new measurement area ( ie, the illuminator PRF is equal to 3 x the beam director s new 
frame" rate , or PRF = 3 6 spot ( ie, d^/H) / S( ie, slew rate) ). The RP version of Figure 9 is shown as 
Figure 9. 

As mentioned above, the stay-time of a debris object in a given beam is NO LONGER THAN d S[X)t / Orbital 
velocity ,and is usually ( ie for a 1 km diameter spot and 7 km/ sec) relatively long (0.1 to 0.2 seconds) . Hence 
rep rates'of 5 - 10 hz are required at a minimum to insure 3 "hits" per transit of a debris object through a 
stationary beam with a diameter of 1 km. If, as the Figure assumes, the beam is slewing , higher illuminator 
PRFs are required, as we shall discuss in great detail in a later section. We assume here that the receiver dish is 
co-located with the transmitter dish ( for economy, one dish will probably have to serve both transmit and receive 
functions) and so the round-trip time of a pulse from transmitter to debris orbit back to receiver must also be 
factored into the choice of PRF. Since the round-trip time is in the range : 
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1E+2 1E+3 1E+4 1E+2 1E+3 1E+4 1E+5 

orbital altitude H, meters total active search time, T* hour* 






from minimum round-trip time = 400 1cm x 2 / 3E8 m/s = 5 millisec = 1/ (200 hz) 

to maximum round-trip time = 3000 km x 2 / 3E8 m/s = 40 millisec = 1/(25 hz) 

and the laser illuminator pulses are short ( the HAYSTACK radar has pulses of 1-5 millisec, and the postulated 
Pusher laser has 100 ps to 100 ns pulses) there should be little or no overlap "blinding" of the weak incoming 
reflected signals by the strong outgoing pulse. However, the hardware should be protected by gating closed the 
receiver during the transmission pulse, and slightly increasing the illuminator PRF (by say 30%-40%) to 
compensate for the potential of lost information during the "receiver-closed” period. 

3. Picket Fence analysis for debris acquisition 

As discussed above, MIT/LL has suggested the use of a HAYSTACK-type radar in a scanning mode to 
increase the effective measurement area for detecting debris, and so to decrease the total time for detection of a 
large majority of the estimated 100 000 dangerous debris objects In section what follows , we took the 
HAYSTACK detection data, and its estimated local debris flux Q (objects / sq meter per year) vs altitude ( in 
100 km bins from 350 km to 1600 km orbital altitude), and computed characteristic 3D separations between 
debris objects assuming uniformly-filled spherical shells 100 km thick over this altitude range. Using this 
information, we can calculate the time required to detect N objects above 1 cm in characteristic diameter by the 
following simple relation 

N (total no. of objects estimated to exist in shell AH thick at altitude H) 

T* = 

Q (objects/ sq meter per yr.) x (M d spol ) x AH 


where M is the number of side-by-side FWHM beam spot diameters making up the picket fence, d, r „,j is the 
instantaneous FWHM diameter of the actively pulsed and slewed illuminator beam itself, and AH is the Line-of- 
Sight range bin used for data reduction (100 km for the HAYSTACK data) The above is plotted as a 4-box 
nomogragh in Figure 10. The Figure shows that: 

1 Searching with a single beam ( Fence Area = 1 km diameter x 100 km high data bin) would take years, even 
in the highest-density debris region . 

2 Searching with a MIT/LL "Bow Tie" pattern (a version of the picket fence) only 10 beams wide drops the 
search time to about 1 year, using MIT/LL's 20 hr'day estimate for useful search time Since the beam needs 
only one back-and-forth sweep to get data from ALL altitudes, the entire 300-1600 km altitude region can be 
surveyed in about one year of continuous 20-hr-per-day operation. 

3. Searching the lower altitude (very-low-density ) region of 300-500 km would take about the same time 
(ie, less than one year), even though the total number of objects in this region so low This is because the 
arrival rate at the measurement region is correspondingly low 


4.Passive Optical Acquisition 

The concept of using reflected solar radiation to detect and acquire the debris is an attractive idea, since 
the illumination (while weak) is continuous This section evaluates its use along with existing telescopes and 
focal planes to find, track and handover the selected ORION targets to the Pusher laser. 
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Picket Fence" Detection Scheme Scaling 
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F t detections per 100 km altitude bin / hr 




The reflected radiant intensity (watt / steradian) from a diffuse sphere with reflectivity-area product 
rA sph illuminated by the sun, is given by: 

rA S ph 2 

I sp h ( W/sr) = ( sina + (7i - a ) cos a ) E sun (W / cm 2 ) 

7t 3 7t 


where a is the angle between the detector optical axis and the sun. At a = 90° (equivalent to a "half-moon" 
configuration as viewed by the sensor) the above reduces to 


rA 


Isph ( W/sr) = 


sph 


1.5 7T 


E sun (W / cm 2 ) , at a = 90° 


Thus, the signal photons on a pixel are: 


Nsig Isph (W/sr (j.m) 


AX 


R 


l mteg 


hv 


T T 

1 opl * prop 


where it is assumed that all the signal photons collected during the integration time t imeg 
by the receiver aperture A rc , r are collected by a single pixel. 

The sky photon counts on this same pixel are given by: 


d 2 ni 


N skv = Iskv(W/sr-cm -jim) 


pixel 


f 2 


A rcV r 


L mleg 


hv 


1 opt 


The signal and sky background photons count numbers per integration time must be multiplied by the detector 
quantum efficiency t|q E to get the electron counts per integration time. 

The pixel-with-target output is then approximately N sl * + N sk> and the photon signal -to-noise ratio is 
given by 

(N S i g + N skv ) - N skv 

SNR = 

sqrt [(N S j g + N s t\- ) ■+■ N rca j ~ ] 

where the readout photon noise N reaJ = CCD readout noise electrons per readout / r|Q K . In astronomical 
telescopes this has been driven down to only 4 electrons per readout using cooled ( - 40 C ) systems, but typical 
good fielded-sensor noise levels are up at 8 - 12 noise electrons per readout. Quantum efficiency of detectors in 
the visible region of the spectrum for commercially-available detectors is 65 % . 

The signal-to-background ratio ( determining the noise - free contrast of the signal against the background 
) is defined as: 


(N S ig + N skv ) - N skv 


N sky 
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SBR = 



These two sensor criteria are sketched in Figure 1 1 

Typical values for the parameters of the debris spheres, the solar source and the sky background, along 
with those of the optical telescope's photon collection characteristics as well as those of the sensors detector 
elements at the focal plane are listed in Table 1. These values were used to scope the application of various 
sensor / telescope combinations in acquiring and tracking the solar-illuminated debns objects, u ^g SNR an 
SBR as simultaneous criteria, and varying sensor parameters to achieve acceptable levels of both SNR and SBR 

simultaneously. 

Figures 12, 13 and 14 give the results of these calculations. These three Figures all display the following 
information, calculated from the above relations and parameter values . 

2. Number of signal photons received during the integration time from the 50% illuminated diffuse sphere, 

3. SNR (signal-to-noise ratio) for both full daytime sky background, as well as for full moonless-night sky 

background, . , 

4. SBR (signal-to-background ratio) for both full daytime sky background, as well as for full moonless-night 

sky background, . 

On-Chip Binning integration times-that is, the time the image spends on a single 40 micron detector, on a 
"binned" array (really a macro-pixel) of 10 x 10 and 100 x 100 detectors. In addition the stay-time of an orbital 
debris particle in a 1 -km-diameter spot at altitude is shown ( 0. 14 seconds) 

Inspection of the three Figures : 

Figure 12— 400 km slant range 

Figure 13 — 1 200 km slant range 
Figure 14 — 3000 km slant range 

shows that the really difficult problem with sun-illuminated ORION targets is SBR, or signal-to-background (ie, 
contrast). SNR can be made high enough to satisfy most data acquisition and data reduction systems / techniques 
by varying integration time between readouts, requiring the "on-chip-binning approach suggested by MIT/LL. 

Looking at the plots shown in these three Figures, we find that detection during full daylight using sun 
illumination is extremely difficult, if not impossible due to the bright day-sky optical background: 

400 km slant range -- full daytime: SBR = 5E-4 
1200 km slant range - full daytime: SBR = 5E-5 
3000 km slant range -- full daytime: SBR = 8E-6 

while searching at Dawn or Dusk with a sun-illuminated target against a dark sky background produces 
extremely high contrast ratios ( or SBR’s) : 

400 km slant range -- full night-sky SBR = >1E20 
1200 km slant range - full night-sky SBR = >1E20 
3000 km slant range - full night-sky SBR = >1E20 


In addition, the Figures show the strength that on-chip binning adds to the passive detection technique. Signal- 
to-Noise ratio rises as the square-root of integration time, and with a dark sky background (all but eliminating 
sky-generated photons), the only serious noise sources are read-out noise and shot noise. Longer integration 
times mean more signal photons into the receiver aperture, and hence more shot noise, but on-chip-binning 
allows all these photons to be collected on an adjustable-size "macro-pixel", which produces less readout noise 
when the pixels are read out as one "macro-pixel" instead of as individual units. Including all these noise sources 
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Table I 

Debris. Illumination and Sensor System Characteristics for Sun-Lit Search Calculations 


Debris Sphere 

shape 

spherical 



diameter 

1 cm 



surface 

diffuse 

— 

- r - 

diffuse reflectivity 

0.5 



specular reflectivity 

0 


— 





Solar Source 

irradiance in visible (0.4-0. 9 microns) 

0.2 W / cnr-micron 


r - “ — — i 

1 Atmosnhere 

one-way transmission 

70% 


j 

Sky Background 

davtime, no aerosols, no clouds 

1.0e-4 w/cm : -ster-micron_ 

ref 3 

( 0 4-0.7 micron) 

davtime, with aerosols, no clouds 

2.0 e-3 w/cnr-ster-micron 

ref 3,4,5 


15 min past sunset, no moon, no stars 

2e-8 w/cnr-ster-micron 

ref 4,5 

- 

nighttime.no moon, with stars 
nightime, full moon, with stars 

2 e-1 1 w/cnr-ster-micron 
2 e-9 w/cnr-ster-micron 

ref 4,5 
ref 4,5 

~ - -A 

Collection Telescope 

Effective Clear Aperture Diameter 

3.5 meter 




Visible transmission to focal plane 

70% 



- — ■ - 7 

Focal Length 

f 30 (1 12.5 meters) 



Maximum Slew rate 

0.100 rad/sec 



■ 

Maximum Angular Acceleration 

0. 100 rad/sec 2 

. ... . 

. — - - 


. . _ .. .. 


Focal Plane Detector 

Wavelength Region 

0.3-0 9 microns 

.... — 


Quantum Efficiency 

65% 

- ----- 

: 

Notch Filter Width 

0.05 microns 




Individual Detector Size 

N x M Array size 

40 microns 

1050 x 1050 

- ------ - 


readout noise 

10 electrons/readout 

— 


D* 

not used in present calculation 

- 


Integration Time 

IF.-6 to 3E-2 sec 

— 


i Readout Time 

le-2 sec 

— __ 


Frame Rate 

30 frames/sec 



ref 3 : MODTRAN II AFGL, Phillips Laboratory, Hanscom AFB, Massachusetts 1994 
ref 4 : Infrared Handbook, ERIM, 1989 p 3-71 

ref 5 : RCA Electro-Optics Handbook, RCA EO Div, Lancaster Pa 1974, p 62,68,70 
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Integration Time, sec 
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Sunlit Acquisition 

Northeast Science and Technology — 3000 km slant range 
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and dependencies, the three sensor-to-target range values considered here show that a single array utilizing 
adaptive capabilitv of eaneing pixels (to provide more signal photoelectrons for the same readout-noise 
electrons ) can perform equally effectively with the same telescope and same detector chips in acquiring sunlit 


ORION targets. 


Table 2 

Capability of "On-Chip Binning" in Detection of Sun-Lit Debris 

400 km slant range - 1 single pixel has SNR ~2 

3x3 pixel "array" has SNR -5 


1200 km slant range -10x10 pixel "array” has SNR -2 

30 x 30 pixel "array" has SNR -7 

3000 km slant range — 100 x 100 pixel "array" has SNR -2 

300 x 300 pixel "array" has SNR - 1 0 


At the 400 km range, the instantaneous-field-of-view of a single detector is the detector diameter / focal length 
of the telescope’s focusing optics. For the telescope design considered here. 


Odeiector = 40 microns / 112.5 meters = 3.55E-7 radians approximately 

and the instantaneous-field-of-view of the array is simply the number of detectors in an array row or column 
times that value : 

0 aiiav = 0 delctftor x N = 3.55E-7 X 1050 = 4E-4 radians approximately. 

At 400 km slant ranee, the measurement spot area viewed by the entire focal plane arra> is 400 km x ©unav 
400 km x 4E-5 radians = 160 meters in diameter. At 1200 km slant range, the spot is 480 m in diameter and at 
3000 km slant range, the spot is 1200 m in diameter. Using a single stationary' (non-slewing) position for this 
beam to search the sky for debris would take an excessive amount of time, as is shown both in Figure 8 (ct. 
"Stationary Beam" line ) and in Figure 10 (cf. lines at fence area of 0.7 - 1 km x 100 km) —about ->-6 years At 
slew rates capable of tracking LEO satellites ( approximately 0.030 radians/sec or better ). the search time 
reduces by at least a factor of 10 to a few months. The time to complete one full slew cycle, at a slew rate ot .0^0 

rad. sec is: 


altitude 

beam 

spot dia 

fence 


slew 

time to 


angle 


width 


rate 

complete 






one slew cycle 

200 km 

4E-4 rad 

160 m 

1 00 km = 

.250 rad 

.030 rad sec 

8.3 sec 

600 km 

4E-4 rad 

480 m 

100 km = 

.083 rad 

.030 rad sec 

2.8 sec 

1 500 km 

4E-4 rad'sec 

1200 m 

100 km = 

.033 rad 

.030 rad sec 

1.1 sec 


It must be noted that in the above, we have not taken into account atmospheric turbulence 
effects. The atmosphere is known to have integrated optical path angular fluctuations in 
the 100-to 1000 hz frequency range, with a characteristic long-term RMS spatial coherence 
scale r 0 of betw een 2 and 10 cm, depending on the altitude of the abserver, day or night 
conditions , wavelength and wind conditions. This translates to a few microradians angular 
amplitude uncertainty ( 5 cm / 30 kM), and may preclude the utility of single-pixel 
detection (since a typical single-pixel FOV is on the order of 40 microns/ 40 meters focal 
length) and may even compromise the data from a 10x10 pixel "super-pixel" sub-array.^ 



Purely passive tracking using sunlit targets for ORION appears do-able out to slant ranges of 3000 km, 
using slewed beams, current existing adaptive-optics telescopes, and "on-chip-binning" as a method of making 
adaptive sensor focal planes produce high-contrast signals (high SBR) as well as high SNR signals . Although 
searching is only possible for the total of 4 hours per day at dawn and dusk, the entire altitude range 300 -1600 
km can be completely searched to acquire the (currently-estimated from the MIT/LL data) 100,000 or so debris 
objects 1 cm or larger in diameter in a period of less than nine to twelve months at current slew-rate capabilities. 
The follwing Figure , Figure 14-A shows that to detect all of the objects in any given altitude bin ( an hence all 
the objects in all bins) in under 1 year requires a fence about 10 km wide at altitude -about .010 radian. At slew 
rates of .030 rad/sec, acomplete raster scan would take 0.67 seconds, an easy task as can be seen in Fig 7. 

S.Active Optical Acquisition using a Repped-Pulse Laser Illuminator 

In the above sections , the validity of the passive optical acquisition system was established using sunlight 
as the illumination and slewed telescope as a collector so as to provide as much detection area as possible , 
leading to a total search time requirement less than 9-12 months. The active-slewing approach was necessary, 
since the debris objects are only visible against a dark-sky background (ie at dawn and dusk) for a total of up to 4 
hours per day. The advantage of an active repped-pulse laser illuminator is to provide illumination on demand, 
not just at dawn and dusk as with the Passive Optical Acquisition system described above. The equations 
describing the return signal photons are identical to those above, with the exception that the illumination is 
single-frequency (the laser wavelength) not broadband (like sunlight), and that we have direct control on its 
intensity and duration, via the illumination spot size and laser pulse width. 

The reflected radiant intensity (watt / steradian) from a diffuse sphere with reflectivity-area product rA sph 
illuminated by the sun, is given by: 

rA S ph T prop E| aser 

I f ( W/SR) = 

7t (7t / 4) D^ S p 0 t T pulse 

where T w E| aser is the laser pulse energy transmitted up to the target through the atmosphere with transmission 
Tprop, D S p„, is the laser spot size chosen specifically for the search function, and tpui*. is the duration of the laser 
pulse. Thus, the signal photons on a pixel are: 


'vcvr 

N slg = I sp h (W/sr) 

R 2 


^ pulse 


T T 

1 opt 1 prop 


hv 


where it is assumed that all the signal photons collected during the integration time t inUrg 
by the receiver aperture A rcvr are collected by a single pixel. 

The sky photon counts on this same pixel are given by: 


N S ky = 4v (W/sr-cm 2 -fim) A rcvr Ak T opt 

f 2 hv 

where t imeg is the integration time ( probably somewhat longer than the laser pulse width to allow for 
uncertainties in arrival time and/or electronic response times). The signal and sky background photons count 
numbers per integration time must be multiplied by the detector quantum efficiency t|q E to get the electron 
counts per integration time. 
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The pixel-with-target output is then approximately N slg + N sk> and the photon signal -to-noise ratio is 
given, as it was above, by 


(N S i g + Nskv ) - N skv 

SNR = 

sqrt [(N sig + N sk> ) + N read 2 ] 

where the readout photon noise N rea<1 = CCD readout noise electrons per readout / r) e . In astronomical 
telescopes this has been driven down to only 4 electrons per readout using cooled ( - 40 C ) systems, but typical 
good fielded-sensor noise levels are up at 8-12 noise electrons per readout. Quantum efficiency of detectors for 
1.06 micron commercially-available detectors is 65 % . 

The signal-to-background ratio ( determining the noise - free contrast of the signal against the background 
) is defined, as it was above, as: 

(Nsig + N skv ) - 

SBR = 

N s kv 

These two sensor criteria were discussed previously, and are sketched in Figure 1 1 . 

Typical values for the parameters of the debris spheres, the solar source and the sky background, along 
with those of the optical telescope’s photon collection characteristics as well as those of the sensor's detector 
elements at the focal plane are listed in Table 3. These values were used to scope the application of various 
sensor / telescope combinations in acquiring and tracking the laser-illuminated debris objects, using SNR and 
SBR as simultaneous criteria, and vary ing sensor parameters to achieve acceptable levels of both SNR and SBR 
simultaneously. 

Figures 15, 16 and 17 give the results of the calculations for the number of photons captured by the 3.75 meter 
diameter telescope. These three Figures all display the number of signal photons received during the integration 
time from the laser-illuminated diffuse sphere, 
calculated from the above relations and parameter values : 

Figure 15 — 400 km slant range 

Figure 16 — 1200 km slant range 
Figure 17 — 3000 km slant range 

The calculations indicate that in order to receive back from the illuminated 1 cm spherical object a minimum of 
10 signal photons ( ie, an equal number to the number of spurious "noise" electrons generated by the readout 
process on each detector), there is a trade-off between laser pulse energy, laser spot size and slant range These 
are illustrated in Table 4 below. 

Table 4 

Characteristic Laser Spot Sizes and Pulse Energies for Detection 

400 km slant range 100 joules 130 meter dia spot 
1000 joules 500 meter dia spot 

1200 km slant range 100 joules 50 meter dia spot 
1 000 joules 1 80 meter dia spot 
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3000 km slant range 100 joules 20 meter dia spot 
1 000 joules 60 meter dia spot 



Table 3 

Parameters Used for the Analysis of an Active Laser Illuminator for ORION Debris 


Debris Sphere 

shape ' L 

spherical 


— — " " r 

diameter 1 

1cm 



surface I . 

diffuse 

! 

— f 

diffuse reflectivity ! I 

0.5 

: i 

— - | 

i specular reflectivity ■ 1 

0 

t 

i 

* i ; 

i ■ : 

1 ' - 

i 

■ Solar Source 

1 

jirradiance in laser band (1-2 microns) , 

0.01 W/ cm 2 -micron 


k 

Atmosnhere ! 

one-wav transmission 

85% 


• r * - 

Sky Background 

daytime, no aerosols, no clouds 

<1.0 e-8 w/cm 2 -ster-micron 

ref 3 

(1-2 micron) 

'davtime, with aerosols, no clouds 

5.0 e-4 w/cm 2 -ster-micron 

: ref 3,4,5 


4 — 1 - - 

iniahtime, no moon, no stars 

<1.0e-10 w/cm 2 -ster-micron 

ref 4,5 

i 

~ • — — r 

!nighttime,no moon, with stars l 

1.5e-10 w/cm 2 -ster-micron 

ref 4,5 

1 

— — T 

Inishtime, full moon, with stars 

1.5 e-9 w/cm 2 -ster-micron 

ref 4,5 

h- “ __ u l ; ; - 

Collection Telescope 

i Effective Clear Aperture Diameter 

3.5 meter 



; 

_! — 5 ; 

IR transmission to focal plane i 

70% i 

: 


Focal Length 

; f 30 (1 12.5 meters) 

- 

Maximum Slew rate 

0.1 00 rad/sec 

i - — — — 

. 

1 Maximum Angular Acceleration 

jo. 100 rad/sec' L 1 

— ' ; ! i 

! ! : 

Focal Plane Detector 

Wavelength Region 

1.06 microns 




'Quantum Efficiency 

20%: 

< 

Notch Filter Width 

0.05 microns 




Individual Detector Size 

,40 microns 




N x M Arrav size 

: not required for present calculation 



readout noise 

10 electrons/readout 

1 

— 

D* 

not used in present calculation 

• . 


Integration Time 

! IE-10 to 30 sec 

: 



Readout Time 

not used in present calculation 



Frame Rate 

: not used in present calculation 



ref 3 : MODTRAN II, AFGL, Phillips Laboratory, Hanscom AFB, Massachusetts, 1994 

ref 4 : Infrared Handbook, ERIM Handbook, ERJM, 1989 p j-71, 72,73 

ref 5 : RCA Electro-Optics Handbook, RCA EO Div, Lancaster Pa 1974, p 62,68,70 
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The SNR (signal-to-noise ratio) for both full daytime sky background, as well as for full moonless-night sky 
background as well as the SBR ( si gnal-to-back ground ratio) for both full daytime sky background and for full 
moonless-night sky background is shown in Figures 18, 19 and 20. Because of the variation of the spot size / 
pulse energy requirement with slant range, we choose a spot size characteristic of each of the slant ranges above. 
Since the laser illuminator spot is truly a quantity which can be varied from pass to pass of target objects this is a 
valid exercise to help choose the required pulse energy and hence size the laser device hardware required 


Table 5 

Characteristic Spot Size Requirements for SNR > 1 
Along with Target Stay Time in Spot ( Spot Diameter / Orbital Velocity) 


Figure 15 - 400 km slant range -300 meter dia spot -<0.040 sec stay time in spot 

Figure 16 — 1200 km slant range — 120 meter dia spot— <0.019 sec stay time in spot 

Figure 17 — 3000 km slant range 40 meter dia spot — <0.007 sec stay time in spot 

Inspection of Figures 18, 19 and 20 rapidly shows that signal-to background ratio (SBR or contrast ration) is 

not the problem we face here — it is signal-to-noise ratio SNR At energy levels below about 300 joules per 
pulse the SNR is always less than unity, and only is above about 2 at energy levels above about 1000 joules per 
pulse, using this small receiver dish (3.75 meters). Our attempt to adjust integration time has no effect, and 
actually HURTS the SNR for pulses longer than about 1 microsecond. Table 5 above shows the spot sizes 
required for this 1 kilojoule active illuminator (min energy for SNR > 1). In addition ,if we detect a potential 
target debris object in the spot , we would like to hit it at least 3 times to build confidence that it is a real object 
and not a spurious signal. Table 5 also shows a rough estimate of the maximum time a debris object will stay in 
the beam (spot diameter / orbital velocity), in order to estimate the burst-mode capability the illuminator should 
have, to provide not only repped-pulse active scanning but also a burst of pulses to provide low false-alarm and 
high detection probability data that that given by a single return. A burst rep rate capability of 75 hz (i.e., 1 
(.040 sec / 3) to 425 hz ( 1 / (0 007 sec / 3) may be required of this 1 kj or greater laser used as an illuminator 

We conclude that initial detection by active illumination of the small 1 cm diameter debris objects in the 
orbital altitude region of interest 200-1500 km, with a 3.75 meter receiver dish at an elevation angle of 30 degree 
is not very effective for small laser pulse energies. At laser illumination energies above 1000 joules, however, the 
concept does become effective, but with small 40-300 meter diameter spots for the 400 - 3000 km slant ranges 
required It would probablv require pulse rep rates in excess of a few hundred hertz. If we now wish to use such 
a system (pulse energies above 1 kilojoule , 3.75 meter collector dish, pulse durations less than 1 microsecond ), 
then in order to survey the entire sky and acquire the estimated 100,000 objects in less than 1 year, the picket 
fence approach discussed above for the radar and passive-optics approach must be used. Figure 21 is a 
nomograph which calculates the side-to-side scanning requirements for these small (40-300 meter diameter 
beams This Figure shows that in order to achieve the required sky coverage over the altitude region of interest 
requires a scan width of 1 beam dia by about 50 km, or about 100 to 1000 beamwidths. Table 6 below shows the 
angular side-to-side scan angle requirements as functions of the altitude being searched with a 1 kj laser 

( SNR > 1 ). 

Table 6 

Lateral Width required for the EO Picket Fence 


altitude 

required 

beam 

scan width 

lateral scan 

lateral scan 


spot 

angle 

required 

width 

angle 


diameter 

D/R 

MD 

MD 

MD x D/R 

200 km 

300 m 

1.5e-3 

50 km 

167 beamwidths 

0.206 radians 

600 km 

120 m 

2.0e-4 

50 km 

417 beamwidths 

0.083 radians 

1500 km 

40 m 

2.7e-5 

50 km 

1250 beamwidths 

0.034 radians 
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The amplitude of the side-to-side angle scan required is not extensive, but the question is how fast must it be 
accomplished. At angular rates required to track LEO objects, approximately 0.03 rad sec, the Table beiow show 
how long a time accomplishing the above scans would take, along with the round-trip time for signals to ieave 
and return to the receiver: 


Table 7 

Important Time-scales for Erecting the EO Picket-Fence 



total lateral 

angular 

orbital 

scan angie 

rate 

altitude 

MD x D/R 

rad/ sec 

200 km 

0.206 radians 

0.030 

600 km 

0.083 radians 

0.030 

1 500 km 

0.034 radians 

0.030 


time 

optical 

time between 

for 1 full 

signal 

beam 

scan cycle 

ma-trip 

positions 

time 

13.8 sec 

0.003 sec 

0.050 sec 

5.4 sec 

0.008 sec 

0.0067 sec 

2.2 sec 

0.020 sec 

0.0009 sec 


Comparing the iast two columns in Tabie 7 above , we see that fne low altitude system (200 km orbital altitude 
searcher, having a slant range of 400 km) would be reasonable, requiring a telescope capable of tracking LEO 
objects ( oniy 0.030 rad/sec, far iess than current demonstrated technology ; see Figure 7 i, with a iaser rep rate 
of 20 hz, and lots of time between pulses for the signal to get back to the receiver before the next pulse is 
iaunched. 

However, at the 600 km altitude (1200 km siant range), the required PRF is 150 hz 
( 1/ 0.0067 sec) , and the round-trip time is just a bit LONGER than the required interpuise time, indicating the 
beginnings of possible difficulty with using the same dish as both transmitter and receiver A separate transmitter 
and receiver dish would, of course, work but is more expensive. At the longer range ( 1 500 km altitude, or 3000 
km slant range), the required iaser is 1000 hz ( and at ieast 1000 jouies per puise i i! ) , and because the optical 
round-trip time is now 0.02 sec w ith an interpuise time of 0.00 i sec, a separate dish for the transminer and 
receiver is a necessity. 

"we must conclude from this that initials debris detection by an active illuminator appears to be a difficult task, if 
it is to be used to acquire ail the objects within a one-year time frame over the orbital altitude ranges of interest. 

6.Active Optical Acquisition using a CW Laser Iiiuminator 

In the above , the validity of the passive optical acquisition system w as established using sunlight as the 
illumination and slewed telescope as a collector so as to provide as much detection area as possible , ieading to a 
total search time requirement less than 9-12 months (see Figure 21 ; 20 hrs dav operation for 1 year results in 
7300 hours of search time). The active-slewing approach w r as necessary, since the debris objects are oniy visible 
against a dark-sky background (ie at dawn and dusk) for a total of up to 4 hours per dav. The advantage of an 
active CW laser iiiuminator is to provide illumination on demand aii during the day and night if necessary, not 
just at dawn and dusk as with the Passive Optical Acquisition system described above. The equations describing 
the return signal photons are identical to those of the repped-puise iiiuminator, with the exception that the 
illumination is continuos , not pulsed, it is , as was the repped pulse iiiuminator, single-frequencv (the laser 
wavelength) not broadband (like sunlight), and we have the same direct control on its intensity and duration, via 
the illumination spot size and laser pulse width. 

The intensity ieveis which can be delivered to the interrogation volume depends of course on the iaser 
power "level, the Strehl ratio for the beam at interrogation range, the laser spot size chosen to do the searching and 
the atmospheric transmission from the transmitter to the range in question. The MINIMUM beam divergence 
angle will be that of a diffraction-limited beam 
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u , F w"HM angle for a diffraction-limited beam 


and at 1000km range, the FWHM spot diameter for a 3.5 meter diameter transmitter aperture with a 1 .3 micron 
(i.e., a CW Iodine laser) or a 1.06 micron ( CW glass laser , which exist at power levels below 1 kw) 
wavelength is about 0.3 meters in diameter. The mean power densities in the FWHM spot are functions of the 
chosen range, spot size ( with 0.3 meters as a lower limit) , illuminator power level , and are shown Figure 22 
for a Strehl ratio of 0.5 and an atmospheric transmission of 89% (calculated with the MODTRAN II code ( ref 
3) for Iodine, and 80% for the solid-state laser wavelength. 

The Figure illustrates that in order to produce irradiances higher than those of sunlight by AT LEAST the ratio of 
sensor quantum efficiencies at 1 micron vs 0.5 micron: 

Ibrcakeven = 0.1 w/cm 2 (sunlight) x 65% / 20 % = 0.33 w/cm 2 (Laser req'm'nt) 

with the minimum spot deliverable at the chosen 1200 km slant range, the laser must be just under 1 kilowatt at 
1 micron. Such lasers exist in the industrial laser community. However, the spot diameter is only 30 cm in 
diameter, and so the beam will have to be slewed rapidly to cover the entire sky in the picket fence search 
pattern in under one year. 

Figures 23 & 24 show the SNR and SBR for a 1 micron CW illuminator producing 20, 200 and 2000 
w/cm2 at a 1200 km slant range against a daylight-sky background ( Figure 23 ) and against a moonless-night 
sky background (Figure 24). The parameters for the calculation are shown in Table 3. Neither background 
appears to pose a problem for a CW illuminator delivering 2 to 2000 watt / cm 2 at range, using relatively short 
integration times. Table 8 below shows the illuminator and sensor focal plane requirements for this kind of 
system. 


Table 8 

Spot Size, Power Levels and Sensor Paramters for the CW Illuminator 


Mean Irradiance 

Required 

Minimum 

Minimum 

Minimum 

Minimum 
Focal Plane 

Possible 
Focal Plane 

in FWHM Spot 

Illumination 

Spot Dia 

Spot Dia 

Laser Power 

FOV 

FOV 


Time 

Required 

Deliverable 

Required at 

Req'd 

2000 X 40 


for SNR=5 

at 7 km/sec 

(3.5 M,1200 

1200 km 

(Vt/R.) 

micron det'r 

w / cm 2 

sec 

meters 

km, 1 pm) 
meters 

Slant Range 
watts 

radians 

& 105 M FL 
radians 

2 

4E-4 

2.8 

0.3 

1.2 E+5 

2.33 E-6 

7.6 E-6 

20 

4e-5 

0.28 

0.3 

1.4 E+4 

2.33 E-7 

7.6 E-6 

200 

4E-6 

0.028 

0.3 

1.4 E+5 

2.5 E-7 

7.6 E-6 

2000 

4E-8 

0.0028 

0.3 

1.4 E+6 

2.5 E-7 

7.6 E-6 


As can be seen the minimum power required at the debris altitude is 14 kw and with a Strehl ratio of 0.5 and 
atmosheric uplink transmission of 0.85, the minimum power out of the ground transmitter is about 33 kw of 
CW 1 micron radiation. No such 1 .06 micron laser exists, but one could envision ganging 33 of the existing 1 kw 
1 .06 micron lasers, phase-locking them and using the net beam. Rather than go through such heroic efforts, it 
shoul be noted that the Phillips Lab at Kirtland AFB in NM has two CW 1.3 micron lasers which have been 
operating for years in this power range: 

ROTOCOIL 40 kw CW Iodine at 1 .3 microns 

RAD1CL 20 kw CW Iodine at 1.3 microns 

Hence this illumination scheme could work, using these lasers, 3.5 meter optics for both transmitter and receiver, 
and a focal plane similar to the one used by MIT LL in the visible, but made of detectors optimized for 1 .3 
microns. 
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Conclusions 


1. The scanned RADAR beam concept, using a HAYSTACK-like microwave radar appears able to 
accomplish the detection of the estimated 100,000 debris objects of interest to ORION in less than 1 years time 
of dedicated operation (20 hrs / day, 365 days / year). To accomplish this, the current HAYSTACK detection 
data on this class of debris objects over the orbital altitude region of interest dictates that the beam be scanned 
laterally in a pattern termed a "bow tie" pattern to minimize leakage through the large planar measurement area 
approximately 1 beamwidth thick. 10 (or more) beamwidths wide (azimuthal sinusoidal scan ) and the full orbital 
range high (300 km to 1500 km), controllably-oriented to put the large-area face perpendicular to the dominant 
debris stream being measured. The RADAR would point at about 30° elevation angle from the horizon, to 
provide sufficient time for Pusher Laser irradiation before the detected debris has risen in the sky from horizon 
to zenith. 


2. The angle-scanned passive-receiver optical system, using sunlight to illuminate the debris objects at 
both dawn and dusk for approximately two hours each period also appears capable of the same success as the 
RADAR system described above by MIT/LL. This approach would use sunlight as the illuminator source and 
detect the diffuse scattering against a dark-sky background. We expect that a similar (low say 30 ) elevation 
angle from the horizon wouldbe used as with the RADAR, for the same reasons. Detection in daylight using 
reflected sunlight appears impossible against the background of the bright day sky. The same concept of a 
controlled azimuthal scan to produce a "picket fence" measurement area ( configured as was the RADAR "bow 
tie") produces a large measurement area. However, it is also necessary to used a focal plane array which is 
capable of "on-chip binning", to allow the collection of reflected signal photons from the debris object to be 
collected on an addressable sub-array of pixels on the focal plane (with correspondingly-longer integration times) 
and reading this sub-array out as a single "macro-pixel", so minimizing electronic read-out noise photoeiectrons 
while maximizing signal photoeiectrons. The angle-scanned passive receiver dish (the same j> 75 meter system 
used for the Pusher Laser) appears able to accomplish the detection of the estimated 100,000 debris objects of 
interest to ORION in less than 1 year’s time of dedicated operation ( 4 hrs / day, 36^ days year). 

3, Initial debris detection by an active rep-pulsed laser illuminator , while possible according to this 
analysis, is very difficult. While it offers the opportunity of 24 hr / day operation(since it uses the laser to 
illuminate the debris, not the sun), the active illuminator detection concept appears to require substantial fluence 
(joules/cm 2 ) on target to achieve Signal-to-Noise Ratios greater than unity. We find that Signal-to-Background 
Ratio (ie, the contrast between the day sky and the reflected signal) is not a problem at all in this sensing 
technique. The high required fluence implies high laser pulse energies and/or small illumination spots however 
small spots imply high pulse repetition frequencies to achieve the desired detection of the 100,000 object set in 
less than 1 year, even with the "picket fence" detection scheme. Trade-off studies reported here indicate that 
for very low orbits (the approximately 200 km Space Shuttle altitude), the laser illuminator’s pulse energy and 
rep rate are low ( 300 to 1000 joule per pulse, at 20 hz using 300 meter diameter spots for illuminating, and a 
picket fence pattern approximately 167 beamwidths wide ) .Attempting to achieve to same 1-year total detection 
time for objects at 600 km orbital altitudes (1200 km slant range), the laser energy could be the same, but the 
illumination spot has to decrease in size to provide more reflected photons which, over the longer path to the 
receiver, would give the same SNR as for the lower altitude detection. Calculated requirements for the 600 km 

ill 


altitude region are for a 300 - 1000 joule laser pulse at 150 hz, using a 120 meter diameter illumination spot 
diameter at the slant range of 1200 km and a picket fence pattern approximately 420 beamwidths wide. The 
requirements for an illuminator useful at the 1500 km altitude (3000 km slant range) are much more demanding. 

4. Initial debris detection by an active CW laser illuminator , while not extensively studied in this 
analysis, appears certainly do-able. It offers the opportunity of 24 hr / day operation at moderate transmitter 
power levels. It's function is to simply act as a brighter sun in the measurement area, using the same "picket 
fence" scanned beam and same on-chip binning concepts as the sun-illuminated detection scheme, and while 
suffers a bit due to the lower quantum efficiency of detectors at 1 micron as compared to those in the visible (0.4- 
0.7 micron ), merely has to overcome sky background. It offers an additional plus-the transmitter might also act 
as a crude laser ranger, to assess the performance of the Pusher Laser after impulse delivery. 
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2. ENGAGEMENT STRATEGIES AND RISK 


2.1. The Problem 

The mission of the ORION system is to reduce significantly the risk to manned assets in space 
and, to a lesser extent, provide a cleaner environment in space for satellite operations. Extensive work by 
NASA/JSC has resulted in a model of debris density and flux in space parameterized in various ways. 
Chapter 1 of this report contains a review of these models. Chapter 2 addresses strategies for removing 
debris from space using ORION. 

The obvious strategy for removal of debris is to reduce the perigee height to below 200 Km. in a 
single period of irradiation. This might be called the “deluge” strategy. An alternative strategy could be to 
reduce the perigee height in steps of say 200 Km. This might be called “steady rain” strategy. In particular, 
the latter strategy might be forced on the ORION system if an adequately powerful laser cannot be found. 
This chapter will analyze the risk entailed in either strategy and make recommendations for one or more 
strategies to be tested/followed. 

2.2. Debris Flux and Risk to Spacecraft 

The most extensive set of data on debris of sizes > 8 mm. has been collected by the Haystack 
radar during the last four years. These data have been extensively analyzed by NASA/JSC 1 . There are 
several ways the potential risk to space assets can be derived and represented from these data. Fig. 2.1 
below is 


CATALOG DETECTION RATE =0.2 /HOUR 
TOTAL DETECTION RATE =6.0 /HOUR 



Fig. 2.1. Debris Detection Rate at Haystack Radar 


drawn from the reference cited above. The two graphs represent the penetration rate by RSOs against the 
altitude of penetration of the Haystack radar beam when it is pointed straight up. The upper graph 


'E.G.Stansbery, T.E.Tracy, D.J. Kessler, M.Matney, J.F.Stanley : “Haystack radar Measurements of the 
Orbital Debris Environment”, JSC-26655, May 20, 1994. 
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(squares) is the actual detections and the lower graph (diamonds) is the detection rate of cataloged RSOs. 
The cumulative detection rate is — 6 / hour most of which are debris and hence of interest to the ORION 
system. 


Fig. 2.2. below interprets the detection rate as a flux through a square meter of cross-section per 
year. This is a conventional way of representing risk to an orbiting resident space object (RSO). The 
obvious inference from the graph of debris flux is that the population is peaked at 800-1000 Km. 
Consequently, the risk to any operational spacecraft at this altitude regime(measured as flux/m 2 /year) is 
significantly higher than at other altitudes. Further, it is estimated that there are approximately 120000 
debris larger than 1 cm. characteristic size in orbit between the altitudes of 300 and 1500 Km. Over one 
half (approximately 70000) of these debris are estimated to reside in the 800-1000 Km. altitude bin. Also, 
most of the debris in this altitude bin are in near-circular orbits inclined to the Equator at approximately 
65°. Finally, it is important to note that the debris in this bin correspond to debris type A in our debris 
target matrix. 



ALTITUDE (100 Km. BINS) 

Fig. 2.2 : Flux through Haystack Beam 

2.2. The Deluge Strategy 

Given an ORION laser of sufficient power, this strategy would require the system to track and 
irradiate any debris piece that is detected. Per Glenn Zeiders’ calculations, it is adequate to reduce the 
perigee height to s200 Km. for a rapid re-entry and decay (in less than a day) of the debris in the 
atmosphere. The risk of such a strategy is the marginal increase in collision probability with the 
International Space Station due to debris transiting the 400 Km. altitude regime. However, as is evident 
from the figures above, the risk due to the current environment is very low - in fact the collision probability 
of a International Space Station with a debris piece of >1 cm. size is estimated to be 1 in 70 years. Hence, 
despite the fact that an ORION system could “remove” - 100 debris objects per day, the increase in risk to 
the International Space Station is minimal. Thus, the best strategy for ORION is the reduction of perigee 
heights of irradiated objects to below 200 Km. However, according to Zeiders and Phipps, the penalty of 
this strategy is a requirement of laser average power of 150 kW. (for debris of Type A) to 500 kW. (for 
debris of Type D). 

2.3. The “Steady Rain” Strategy 

The major reason to look at an alternative strategy is the possible limitation on the power output 
of the laser. There is no extant laser that will meet the average and peak power requirements of the ORION 
system but lasers that can be scaled to meet the requirements may be available. Given such a system, it is 
essential to derive a strategy for debris removal that achieves the following: 
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1 . A “staircase” type reduction of perigee height or altitude of debris. 

2. Risk reduction in high risk environment. 

3. No significant enhancement of risk in low risk environment. 

4. No enhancement of risk to manned assets at ~400 Km. altitudes. 


The recommended strategy derives directly from the distribution of debris as portrayed by Figures 2.1 and 
2.2 based on extensive analyses by NASA / JSC 2 . 

Per the model, there are approximately 70000 pieces of debris in the 800 Km. - 1 100 Km. altitude 
band (three altitude bins using 100 Km. bins). These are largely in the 65° inclination, near-circular orbits 
with sizes > 1 cm. Based on the putative parentage of these debris, they are expected to be near-spherical 3 . 
Type A in the debris matrix is representative of these objects. 

The strategy then is to focus on the debris in the three altitude bins between 800 Km. and 1 100 
Km. The acquisition sensor should develop and use a search strategy that maximizes the probability of 
detection of these debris and should preferentially hand these debris off to the laser for irradiation. 

The laser should ensure that the debris is irradiated adequately to reduce the perigee height by 100 
- 200 Km. The laser system or the radar should then track the debris so as to assess the change in perigee 
height to facilitate book-keeping and to ensure that the perigee has not been put into or below the 
International Space Station altitude bin. If it has, then more tracking resources must be brought to bear to 
assess any risk to the International Space Station until the perigee height decreases below 200 Km. 

A great advantage of this strategy is that the point of irradiation becomes the apogee of the orbit. 
Further, because the inclination of the orbit is close to the critical inclination, the argument of perigee 
moves very slowly. Thus, further apparitions of the same debris over the laser would be near the apogee of 
the orbit which, according to Zeiders, is the preferred point of irradiation for maximal effect on reducing 
the perigee height. 

Once the perigee altitude of the debris piece has been reduced in steps to the 400 Km. bin., any 
further irradiation should seek to lower the perigee to 200 Km. so that the debris can decay rapidly. 

The implications of the “steady rain” strategy are as follows: 

1 . Risk at lower altitudes is increased slightly. However, the risk is a factor of 5 - 10 times lower 
to begin with because of the debris distribution and hence the increase in risk is negligible. 

2. Debris must be classified as to altitude bin and perhaps orbit type as soon as it is acquired by 
the detection sensor. Debris of interest for perigee reduction must be distinguished from other 
debris. 

2. Post-irradiation tracking of the debris will be required so that the destination altitude bin can be 
identified and the effect of the laser quantified. 

3. Some form of book-keeping would be required to ensure that risk in low risk environment is 
not unduly increased and the International Space Station is adequately safe. However, cataloging 


2 Ibid : E.G. Stansbery et al 

"^Sphericity is expected but not established - see M.J.Matney et al : “Observations of RORSAT debris using 
the Haystack Radar”, presented at the Space Surveillance Workshop, MIT Lincoln Laboratory, March 95. 
Experiments with the Lincoln radars will answer this question. 
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of the debris is not required except in case the risk to the International Space Station has been 
increased. 

Apart from the International Space Station, there is significant concern about the operational 
safety of unmanned payloads in orbit. The distribution of these payloads in the current space surveillance 
catalog is depicted in Fig. 2.3. It is evident that active payloads are concentrated in the 700- 900 Km. 
altitude bins while the population of inert payloads peaks at these altitudes too. Hence the strategy 
recommended above is deemed safe from the safety of operational unmanned payloads. 
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Fig. 2.3. Distribution of Cataloged Payloads 

It is evident from the figures in this section that there is a secondary peak of both payloads and 
debris in the 1400 Km. altitude bin. If the ORION system were capable of irradiating these debris, a similar 
strategy to that outlined above is appropriate. However it must be ensured that before these debris occupy 
the 900-1 1 0 Km. perigee bins, an adequate number have been removed from these lower bins so that 
operational safety of unmanned spacecraft at these altitudes is not worsened. 


2.4. Recommendations 

The removal of debris in one irradiation remains the best strategy for debris mitigation. However, 
no such laser of adequate power and operational capability is expected to exist in the near future. Hence, a 
strategy for operations is recommended for the ORION system that will enhance its effectiveness in its task 
of cleaning out the debris environment. This strategy takes advantage of the debris density concentration in 
the 800 - 1000 Km. altitude band and recommends a staircase mode or “steady rain” technique of removing 
debris. 
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6. DEBRIS ACQUISITION AND TRACKING WITH 
MICROWAVE RADARS 


6.1. The Problem 

The ORION laser faces significant technical and political problems in autonomously acquiring 
debris for irradiation. Hence, a system is needed whose function would be “to seek, to find and to hand- 
off’ to the laser. Specifically, the functions to be performed by the acquisition system are: 

1 . Autonomous detection of debris of interest to ORION. 

2. Precision tracking of the debris. 

3. Rapid discrimination using orbital and signature data. 

4. Handover to the ORION laser for irradiation. 

5. Assessment of the effects of the laser on the debris. 

6 Book-keeping of debris, particularly in case the “steady rain” strategy of debris removal is used. 
7. Adequate throughput to match the appetite of the laser. 

There are at least three possible types of systems that can achieve these objectives. They are con- 
ventional microwave radars, conventional visible wavelength optical systems and unconventional seren- 
dipitous detection systems using communication satellites as transmitters. This chapter analyzes the use of 
microwave radars as acquisition systems for ORION. 

6.2. Why Radars ? 

The advantages of microwave radars are the following: 

1 . There are high sensitivity radars available in the inventory of AF and Army Space Commands 
and at least at one other location in Germany. 

2. Radars are generally capable of all-weather day/night operation thus enabling the ORION laser 
to work in cloudless day and night conditions. 

3. Microwave radars generally have high metric precision and near-real-time signature processing 
capability thus supporting the discrimination and handover requirements. 

4 The mechanical /electronic dynamics of the radar permit stare-and-chase operations as are 
needed for ORION and also permit a high throughput of debris tracking. 

The disadvantages of microwave radars are: 

1 . The radars are high cost items if a new system has to be procured (see Chapter 12). 

2. Generally, the high sensitivity radars have a narrow instantaneous field-of-view which compli- 
cates the search and acquisition process and requires creative techniques for enhancing through- 
put. 

3. Existing radars are not optimally located for laser operations. 

On balance, microwave radars are an attractive option for the ORION system. 

6.3. The Choice of Radars 

Microwave radars operate at a range of frequencies from VHF (150 MHz) to W-band (95 GHz) in 
discrete frequency regions. The debris sizes (1-10 cm.) that we are considering is a major driver in the 
choice of frequency. Below L-band (-1300 MHz), the radar cross-section of debris smaller than 5 cm. is so 
small as to preclude effective detection. Further, for a given small debris (1-5 cm.), the radar cross- 
section at > 1 0 GHz. frequency is -10 dB higher than at L-band or S-band (2 GHz.). Hence, the desirable 
range of frequency of operation of a radar is X-band (10 GHz.) or higher. 

At present, the high power tubes for X-band radars are easily available while for higher frequen- 
cies, such tubes are experimental, particularly for the high powers (~> 100 kW) required by this applica- 
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tion. Hence a X-band radar is the ideal option with a C-band (4 GHz.) being an attractive alternative. 
Higher frequencies of the order of Ku-band (16 GHz) and K-band (35 GHz.) may be attractive alternatives 
in a few years. 

There are weather considerations to be taken into account in radars too. Below C band, the 
weather has negligible effect on the radar. At X-band and above, moisture in the air and rain take an in- 
creasing toll on the sensitivity of the system. For example, the sensitivity of an X-band radar could de- 
crease by 3 dB. in heavy rain while the K- and W-band radars would suffer substantially larger attenuation 
in humid atmospheres. Hence it is preferable to operate a radar for the ORION system at lower frequencies. 

The available radars and their parameters in the frequency ranges of interest are given in Table 
6. 1 . Notice that a UHF radar has been included because it is a high sensitivity phased array radar. The sen- 
sitivity of these radars is portrayed in the conventional manner as the S/N ratio obtained on a single pulse 
on a 0 dBsm.(or a 1 sq. meter) target at a slant range of 1000 Km. from the radar. A brief description of the 
radars and their operating characteristics is included in Appendix 6.1. Table 1 only lists the existing radars. 
Raytheon Company has paper designs for an upgraded X-band phased array radar and for a X-band inter- 
ferometric radar system both of which would be suitable for the ORION system; however, these are un- 
funded at present. Further, existing C-band radars have not been included because they are not sensitive 
enough to detect the small debris of interest to the ORION system. It is quite conceivable that an existing 
C-band radar could be upgraded with a bigger antenna (say 25 meter) in which case it would be a viable 
candidate. 

The Haystack radar is the most sensitive of the lot. It is exceeded only by the Arecibo and Gold- 
stone radars neither of which are capable of tracking near-earth satellites and hence are not included in the 
table. The HAVE STARE system is intermediate in sensitivity between Haystack and HAX. Haystack, 
HAVE STARE and HAX operate in the desired frequency range. The TRADEX radar, which is located on 
the Kwajalein atoll, has the same sensitivity as Millstone. There is a German radar (FGAN) that is sensitive 
enough for the ORION system requirements but was not pursued further because of its location, its status 
as a University research radar and the lack of information on its detailed operating characteristics (this 
could be pursued in Phase 2 if desired). 


TABLE 6. 1 : AVAILABLE RADARS 



HAY 

STACK 

HAVE 

STARE 

HAX 

MHR* 

FPS-85 

SENSITIVITY (dB/pulse) 

(S/N on 0 dBsm at 1000 Km) 

61-65 


47 

48 

50 

PULSE LENGTH (ms) 

2-5 

0.175 

2 

1 

0.25 

FREQUENCY (GHz) 

10 

10 

16 

1.3 

0.44 

RANGE PRECISION 

1-10 


1-10 

10-25 

25 

BEAMWIDTH (deg) 

0.05 

0.075 

0.1 

0.44 

1.0 

ANGULAR RATE (deg/sec) 

2, 2 A 

5, 3 

10, 10 

3, 3** 

NA 

ENCODER LSB(mdea) 

0.3 

0.3 

0.15 

1.7 

NA 

TRACK PRECISION (mdeg) 

0.5-1 .0 


1-2 

3.0 

25 

PRF (Hz) 

40 -100 


40-100 

40 

20 

LOCATION (deg. Latitude) 

42.6 

32? 

42.6 

42.6 A 

1 28 


*TRADEX SIMILAR TO MH A RATES IN AZIMUTH, ELEVATION 

**TRADEX RATES 10° /sec. AA TRADEX LOCATION 8° LATITUDE 


Table 6.2 below gives the expected radar cross-section of the debris matrix targets. Note that Tar- 
get F is omitted from the table as it is a rocket body that is large and hence easily detectable by all the ra- 
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dars. Table 6.3 gives the expected S/N ratio on the debris matrix targets at a range corresponding to an 
elevation of 30°. 

TABLE 6.2. RADAR CROSS SECTION OF DEBRIS MATRIX TARGETS 


RADAR 

FREQ 

(GHz.) 

■ 

BCD 
( RCS in dBsm.) 

E 

Haystack A 

10 

-40 

-40 

-35 

-30 

-18/-30* 

HAX 

16 

-40 



-30 

-18/-30 

MHR 

mm 

-50 

-50 




FPS-85 


ND 

ND 

ND 

ND 

-23/NO 


A HAVE STARE = Haystack • Maximum / Minimum 

ND = Not Detectable 


TABLE 6.3 : S/N RATIOS FOR DEBRIS MATRIX TARGETS AT ACQUISITION 


Debris Type 

B 

B 

c 

D 

E 

Avg. Altitude (Km.) 

907 

875 

663 

1170 

1002 

Range at 30° Elevn. (Km.) 

1560 

1510 

1180 

1955 

1705 

S/N for Haystack (dB) 
(appropriate pulse) 

17.3 

17.8 

23.1 

19.3 

25-37 

S/N for HAX (dB) ' 

( 2 ms. pulse) 

B 

0 

9.1 

1.3 

7-19 

S/N for TRADEX (dB) 

-10 

-9.5 

2 

1.5 

18/1.5 


It is evident from Table 6. 3 that a radar similar to Haystack is the instrument of choice for the 
debris matrix targets as the expected S/N ratio is over the threshold of detectability (12 dB). The HA VE 
STARE radar can be upgraded to nearly Haystack 's performance and would then be viable for the task. 

6.4. Operation of Haystack (or similar) Radar for ORION 

A concept of operations will be described in this section for a radar to act as the “debris finder 
for the ORION laser. As part of the concept, the requirements/capability to perform all the functions tabu- 
lated in 6.1 will be stated. 


6.4.1. Autonomous Detection of Debris 
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It is essential for the radar to have adequate time to acquire, track, discriminate and handover the 
target to the laser. The discrimination task will take several minutes to complete and hence it is essential for 
the radar to acquire the debris early in its apparition. Hence, the optimum strategy is for the radar to point 
at ~30 elevation and conduct a small scan. The choice of azimuth is dictated by the location of the radar 
and the inclinations of the orbits that are of prime interest. Since most of the debris are in high inclination 
orbits, a radar on or near the equator could point due north or south at 30° elevation for detection. How- 
ever, Haystack is located at 42.6° north latitude and hence pointing due south is recommended as it im- 
proves the inclination coverage significantly (see Appendix 6.1). 

The Haystack radar (or an upgraded HAVE STARE radar) has a very small beamwidth 
(instantaneous field-of-view) of the order of 0.05°. Long experience with Haystack has established that in 
a stare mode pointing straight up, the radar detects, using a 1 ms. pulse, an average of 6 debris targets/hour 
(see Chapter 2) between the altitudes of 500 Km. and 1500 Km. At an elevation of 30°, the radar loses -9.5 
dB in sensitivity due to the increase in range for the same altitude range. However, using a 5 ms. pulse 
mode, the radar can regain 7 dB in sensitivity. Additionally, the debris targets transit through the beam at a 
slower angular rate (see appendix 6. 1) thus allowing multi-pulse summation to retrieve the remaining sen- 
sitivity “loss”. Hence, we expect that the rate of detection would be of the order of 6 targets/hour in this 
mode. However, this has to be established by experiment in Phase 2. Unfortunately, half of these targets 
will be setting. Out of the three left, only one might come into the fteld-of-view of the laser. Therefore, 
methods have to be sought to enhance the rate of detection. 

Detection statistics can be enhanced by conducting a scan with the radar. There are three modes 
for such a scan: 

1 . A mechanical bow-tie” scan of —20 beamwidths which can be essentially “leakproof’ and will 
cover a 1° swath in azimuth. Since there is no requirement for the scan to be leak-proof, a larger 
scan can be employed if it is consistent with antenna dynamics. 

2. An electronic scan that can be imposed on the beam by building a phased-array “lens” into the 
high power beam path between the feed and the Cassegrainian subreflector. Such a capability was 
designed for the HAVE STARE but was never built. It is fairly expensive and also reduces the 
sensitivity by about 2 dB. 

3. An electronic scan that is generated by redesigning the high power feed as a small phased array. 
This has the advantage of avoiding the sensitivity loss but is still a complex upgrade. 

It is our recommendation that the mechanical scan be tested in Phase 2. The other techniques are expen- 
sive (several million) and complex and should be resorted to only if the mechanical scan cannot satisfy the 
appetite of the laser. The gain in detection statistics to be expected increases at least linearly with the scan 
width and should be verified in Phase 2. 

6.4.2. Precision Tracking of Debris 

Once a debris target is detected the radar has to initiate tracking in what is essentially a transition 
from a ‘stare” mode to a “chase” mode. This is a classic capability of most radars for detecting space ob- 
jects with large radar cross-section. However, the chase operation for a debris with small RCS of the types 
of interest to ORION system is more challenging because the S/N ratio in the monopulse angle channels is 
not large. It is the signal in these channels over several pulses that enable the radar to determine the direc- 
tion and rate of movement and initiate a chase. 

The HAX radar, collocated with the Haystack radar has recently developed a “stare-and-chase” 
capability for debris targets. Since both Haystack and HAX share the same control system, the “stare-and- 
chase” algorithms can be transitioned to Haystack with small modifications. While the Haystack radar does 
not support the high angular rates of the HAX (see Table 6. 1 ), we believe that it is still capable of the 
“stare-and-chase” mode. Again, this is amenable to test in Phase 2. 
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The Haystack radar can track in four dimensions - azimuth, elevation, range and range rate. The 
current precision in these dimensions is: 

Elevation 10-35 prad. 

Azimuth ((10 - 35 )/cos(elevation)) prad. 

Range 0.25 - 2 meters 

Range Rate 1-10 miliimeters/second. 

Bias uncertainties in the metric data from the Haystack radar are of the same order as the precision. 

Accurate tracking of the debris is required to ensure that the acquisition window for the laser is 
not large. The handover volume is dominated by the angle uncertainty and, at worst, is of the order of 35 
prad which translates to 35 meters at 1000 Km. This is certainly acceptable to the acquisition mode of the 
laser. If a smaller handover volume is required, near-real-time processing of the metric data is required 
with a Kalman-type filter, along with better calibration techniques. These are available and amenable to 
testing in Phase 2. 

6.4.3. Discrimination 

This is probably the most time-consuming and complex task for the radar. The requirements are as 

follows: 

1 . Verify that the debris is in an ascending pass. 

2. Ascertain the catalog status of the debris in track. 

3. Ensure that the estimated size and, if required, dynamics of the debris are within the capability 
of the laser. 

4. Measure periodicities in the signature. 

5. Check whether the debris will transit the laser field-of-view for the time interval required by the 
laser system to successfully irradiate it. 

6. Guarantee that no other resident space object, and in particular, no payloads will be illumi- 
nated by the laser inadvertently during the engagement. 

7. Guarantee that no airplane intercepts the laser beam during the engagement. 

6.4.3. 1. Correlation with the Catalog 

The monopulse data recorded during the transit of the debris through the beam is adequate to dis- 
cern whether the target is in an ascending pass. If not, the search can be resumed. As soon as - 30 seconds 
of metric data (or ~5 observations) are taken, an initial orbit can be estimated and checked to see if the 
debris will be within the field-of-view of the laser for the required time interval during this apparition. If 
not, the radar can return to its search scan. A correlation with the catalog should be done next. The data 
quality is adequate to yield a good estimate of the orbit of the debris which can be checked against all the 
RSOs in the catalog. This task should take no more than 5 seconds with a modem work station and appro- 
priate architecture of the software. If it is a known large RSO, the search for debris can be resumed. If it is 
a cataloged piece of debris, a real-time decision needs to be made based on the following: 

1 . Is it of interest to the ORION system - depending on strategy and size? 

2. Who nominally “owns” the cataloged debris? Does the ORION system have “permission” from 
the “owners” to irradiate their debris? 

Given a positive answer to both questions, the next step can be taken. 

6.4.3.2. RCS, Size and Dynamics 

As the tracking of the debris piece continues, the radar must estimate the mean RCS and perhaps a 
variance. The signature data must also be analyzed through the mechanics of algorithms like auto- 
correlation or Fourier transform to determine any periodicities. 
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The mean RCS is used to estimate a characteristic size for the object in track. A quick method is 
to use the graphical relationship established by NASA/JSC by measuring 39 debris-like targets at various 
radar wavelengths' (see Fig. 6.2). It must be realized that this is quite approximate as the estimate of mean 



Fig. 6.1 : RCS - to - Size Scaling Chart 

RCS is significantly affected by periodicity in the signature and, further, debris are known to have perio- 
dicities ranging from ~0. 1 sec. to »30 sec. which will significantly affect the estimates (see Appendix 6.2 
on the characteristics of debris). 

The value of estimated periodicity in the signature lies in the fact that it will be significantly af- 
fected by the impact of the laser energy and, hence, it can be used as an indicator of the success of the en- 
gagement. 

The inferred size of the debris must be compared to a threshold set for the ORION system to de- 
cide on the engagement. The periodicity may prove useful for the same purpose. 

6.4.3.3. Inadvertent Illumination of RSOs 

A major concern with the ORION system is its potential for inadvertently illuminating and dam- 
aging a payload in orbit. This concern is motivated by both treaty implications and the cost of ' friendly 
fire ” 


Once the debris has passed the filters in the previous sections and deemed suitable for engagement 
by the ORION system, a detailed prediction needs to be made of the part of the trajectory that the laser 
would illuminate. This prediction has to be compared with the known position of the entire catalog of 
payloads to guarantee that inadvertent illumination does not occur. Further , US Space Command may 
require that a real-time check be made with a small catalog of important domestic payloads to preclude 
damage or interference. 

A question that remains is whether it is adequate to check against the locations of payloads or 
whether rocket bodies and other large objects in the catalog must be included in this check. The concern 
stems from the possibility of inadvertently causing a rocket body with left-over fuel to explode. Part of the 
answer is political. The technical part of the answer will come from an analysis of the impact of the laser 
on the debris Matrix Target F. 


1 E.G.Stansbery et al : “Haystack Radar Measurements of the Orbital Debris Environment”, NASA/JSC- 
26655, May 20, 1994, p. a29. 
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One method of guarding against inadvertent illumination is for the acquisition radar to examine 
the space along the trajectory a little ahead of the ORION laser (an advance guard) with the ability to posi- 
tively cut the laser off in case of a low altitude RSO detected in the beam (of course, this works only when 
the laser and the radar can simultaneously observe the debris). However, it is unlikely that RSOs at all al- 
titudes can be detected in this mode and the catalog will have to be relied on for avoidance of the high al- 
titude satellites. Since the ratio of low altitude to high altitude RSOs is ~5: 1 , this will be an effective tech- 
nique that will reduce computational complexity. This is a capability that could be demonstrated in Phase 
2 at the Lincoln Space Surveillance Complex using Haystack radar and the Firepond laser. 

The Airborne Ballistic Missile Defense Laser (ABL) being built by AF Phillips Laboratory faces 
some of the same issues and the solution would be useful to ORION. Other systems like SBV/MSX, 
SWAT, Firepond laser and AMOS/Maui laser system have faced some of the same issues. 

This is a major issue for the ORION system. It will affect decisions on site location and 
modes of operation. 


6.4.3.4. Aircraft Avoidance 

Regardless of the wavelength of operation of the laser, the ORION system has to ensure that it 
does not inadvertently illuminate an aircraft. Unlike RSOs, aircraft do not follow predictable trajectories. It 
is prudent to choose a site where major air traffic lanes can be avoided. But, in any case, the ORION sys- 
tem needs a real-time means of detection and avoidance of aircraft. 

The technique postulated in the last section for avoiding RSOs by running an advance guard with 
the radar will not work for aircraft avoidance because of pulse lengths used except in case a new phased 
array radar operating at X-band is built for the ORION system. Optical guard bands using small telescopes 
will work or an aircraft detection radar can be built into the system. Since the FAA is shutting down a sig- 
nificant part of their radar system due to reliance on GPS technology, such a radar may be available to the 
ORION system “free”. 

This is a major issue for the ORION system. It will affect decisions on site location and 
modes of operation. 

6.4.4. Radar - Laser Handover 

Once a debris has passed all the filters listed above, it has to be handed off to the ORION laser for 
irradiation. The process in concept is very simple as the precision tracking of a Haystack-like radar is ade- 
quate to narrow the search volume for the laser. There are two types of handover. 

A real-time handover occurs when the radar and laser are collocated. In this case, the only issue is 
the mutual calibration of the laser and the microwave radar pointing systems. This is not a major issue as 
substantial experience exists at MIT Lincoln Laboratory and other places. The radar continues to track the 
object until a successful handover has taken place. Note that this has a small impact on the concept of ad- 
vance guard for avoidance of inadvertent illumination. However the fact that the beamwidth of the radar is 
significantly larger than that of the laser mitigates this impact. 

A non-real- time handover occurs when the radar and the laser are not collocated. In such a case, 
the radar will have to determine a precise orbit and transmit it in some form to the laser system. The accu- 
racy of the prediction is an issue that is being studied by AF Phillips Laboratory. Again, precise pointing 
calibration of both systems is a solvable concern. Note that in this case, the concept of using the radar in a 
guard band mode for avoiding inadvertent illumination does not apply. 
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Concerns pertaining to the handover for both real-time and non-real-time can be addressed in 
Phase 2 using the collocated and spatially dispersed set of MIT Lincoln installations. 

6.4.5. Assessment 

A critical issue is the assessment of the effects of the laser irradiation on the debris. The questions 
that need to be answered are: 

1 . Did the target interact with the laser energy? 

2. Can the mass, area/mass ratio or some similar parameter for the debris be estimated? 

3. Can the characteristics of the laser-debris interaction be measured or inferred? 

4. What is the perigee bin of the target post-irradiation? 

5. Is there a threat to a manned asset as a result of the orbit change? 

There are four methods that can be used to perform these assessment tasks: 

1. Measure the plasma “flash” created by the laser-particle interaction. 

2. Measure the “instantaneous” Doppler change of the target as a result of the interaction. 

3. Measure the change in the periodicity of the signature. 

4. Compare the estimated orbits pre- and post-irradiation. 

The plasma “flash” is expected to occur on every pulse of the laser that hits the target. A visible 
wavelength optical system, if collocated with the laser, can measure this effect. It is unknown whether 
there will be an enhancement of the radar cross-section as a result of the plasma though experience with 
observing large transtage thrusts indicates otherwise. The flash will clearly indicate that the target has been 
hit. It is unknown whether the plasma will be quenched rapidly enough such that the interaction due to 
each pulse can be monitored. 

The Doppler of a target can be measured very precisely by a microwave or laser radar using tech- 
niques of Fourier Transforms. Also, depending on the accuracy of the track, Doppler can be inferred from 
range measurements. In either case, if the target is monitored while being irradiated by the laser, the de- 
parture of the measured Doppler from prediction based on the pre-radiation orbit is a clear and rapid indi- 
cator of laser effects. This technique is routinely applied at Lincoln radars for monitoring orbital maneu- 
vers. However, it must be remembered that if the radar tracks the debris along with the laser, it cannot pro- 
vide an advance guard to protect against inadvertent radiation of RSOs. 

Continued tracking of the debris post-radiation will yield an estimate of the periodicity of the sig- 
nature. This is very likely to have changed as a result of the laser-debris interaction and can both confirm 
the interaction and, perhaps, provide a quick but poor estimate of the moment of inertia of the debris. Fur- 
ther, the tracking data can be processed into an estimate of the orbit which, when compared with the pre- 
radiation orbit, can yield the following. 

1 . An estimate of the total velocity change imparted to the debris. 

2. The perigee bin into which the debris has been moved. 

3. An estimate of the mass of the debris if the intensity of the laser at the location of the debris is 

known and the size of the debris is known. 

The new orbit must be used immediately to assess whether the threat to a manned satellite has 
been increased. If the new perigee height is lower than that of the manned asset, but is >200 Km., cata- 
loging of the debris by further tracking is essential so as to provide adequate warning of close approaches. 

6.4.6. Miscellany 
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Book-keeping of the debris merely refers to creating a histogram of the number of objects irradi- 
ated vs. the perigee bin in say 100 Km. steps before and after. This is to ensure that the risk in lower alti- 
tudes is not unduly increased and applies only in the case of the “steady rain strategy". 

The throughput of the radar is governed by the approximately 10 minutes of total tracking plus the 
search time to find the debris. The best it can be with one radar is 4-6 objects per hour or - 1 00 objects/day 
given 24 hour operation. 

6.5. Summary 

This chapter has presented a solution for the problem of acquiring and handing off debris to the 
laser system and also suggested techniques for verification and assessment off the laser-debris interaction. 
Existing radars have been examined along with a few near-term new radars and a specific radar (Haystack ) 
has been recommended for near-term use. There remain several issues that need to be addressed by some 
study and experimentation in a Phase 2. These are: 

1 . Detection statistics of debris : 

Depending on the appetite of the laser, a high rate of detection of debris may be needed. Tech- 
niques have to be investigated for using a narrow beam radar in appropriate modes to enhance the 
detection of desirable debris. 

2. Stare-and-chase of debris at Haystack: 

The Haystack radar was designed with reasonable angular rates but has not ever been tested in a 
stare-and-chase mode. Since this is crucial to the use of the radar for ORION, it has to be tested. 


3. Inadvertent Illumination of RSOs: 

This is critical issue for ORION system. Techniques have been suggested in this section including 
prescreening of laser pointing and a “advance guard" approach. It is crucial to test these prior to 
any decision to design and field a laser system. 

4. Radar-Laser Handover 

Handover between collocated sensors has been amply demonstrated at the Lincoln space 
Surveillance Complex and also at Lincoln’s KREMS facility. However, if the laser is not collo- 
cated with the radar, the handover is a slightly more difficult issue. Experiments can be conducted 
using Lincoln’s dispersed facilities to demonstrate the accuracy, calibration and hand-off systems 
needed for the purpose. 

A radar -based detection, acquisition, handover and assessment system seems quite feasible for the 
ORION system. There is at least one available radar system that fits the requirements. A few issues and 
concerns remain that can be answered with some study and experimentation. 
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Appendix 6.1 : Description of Radars 


6.1.1. Haystack radar 

This flagship of the radars built and operated by MIT Lincoln Laboratory is by far the 
most sensitive satellite tracking radar available today. The only radars with higher sensitivity are Arecibo 
and Goldstone, both of which do not have the angular rate dynamics to support satellite tracking. Located 
in Tyngsboro, Massachusetts, this radar is part of the Lincoln Space Surveillance Complex and operates at 
10 GHz. with a 35 meter antenna. Its advantage is its high sensitivity. Its disadvantage is the relatively 
northern location which will preclude its effective tracking of debris in low inclinations. 

Haystack, HAX and Millstone Hill radars are part of the Lincoln Space Surveillance Complex 
located at -42.6° North latitude. The preferred mode of operation cited in Chapter 6 for the Haystack radar 
is to point due South at 30 elevation. The location and the pointing impose a restriction on the inclinations 
of the orbits o f the debris that will be seen by the radar. If h is the altitude of the circular orbit, 0 is the 
latitude of the site, <p the minimum inclination of the orbit detectable at 300 elevation and R the radius f the 
earth, then the relationship of these quantities is given by 

sin (60° - 0 - cp) = (R sin ( 1 20°) / (R+h) 

Figure 6.1.1. below illustrates this relationship for Haystack radar. 



Altitiude Of Circular Orbit (Km.) 

FIG. 6.1.1 : INCLINATION LIMITATION FOR HAYSTACK RADAR 
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FIG. 6.1.2. : ANGULAR RATES OF DEBRIS 

The Haystack radar has many waveforms: from 5 ms. CW for high single pulse detection sensi- 
tivity to 256 ps. pulse with 1 GHz. of bandwidth for high resolution imaging. The antenna rate are ade- 
quate to support stare-and-chase operations at reasonable ranges(altitudes). Fig. 6.1.2. shows the angular 
rates expected of debris in near-circular orbits at 30 deg. and 45 deg. elevations. 

6.1.2. HAX radar 

HAX is an adjunct to the Haystack radar that was built under NASA sponsorship. It operates at 
Ku-band at 16 GHz. with a 2 GHz. bandwidth for high resolution imaging. HAX and Haystack share the 
same control and processing system thus restricting their use to only one system at a time. HAX has high 
angular rates and accelerations that render it suitable for easy stare-and-chase operations. The sensitivity of 
the radar is restricted by the size of its antenna and hence is not usable for the ORION mission except in 
the low altitude regime (for >5 cm. objects at <1000 Km.). 

6.1.3. Millstone Hill radar 

This radar is collocated with Haystack. It operates at L-band (1295 MHz) which is a frequency 
lower than desirable for the ORION mission. If for any reason, cataloging of debris objects >3 cm. upto 
1500 Km. altitude is required, this radar would play an important part. Further, if, as a result of ORION 
laser action, there is concern about hazard to a manned asset, this radar would be brought into play, along 
with its sister radar TRADEX on the Kwajalein atoll, for refining the orbit estimate of the debris. 

6.1.4. The FPS-85 radar 

This is a large phased-array radar that operates at 440 MHz. and is located in the Florida panhan- 
dle. While its relatively southern location and electronic agility offer great advantages, its frequency of 
operation precludes it from being an effective detection sensor for the ORION system. 
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Appendix 6.2 : Some Characteristics of Debris 


NASA/JSC has been collecting debris data with a variety of sensors over the years. Chief among 
these is the Haystack radar whose data have begun to condition the debris models substantially. Collocated 
with Haystack are the HAX and the Millstone hill radars both of which are tracking radars but with some- 
what less sensitivity than Haystack. The description below of the characteristics of debris is derived largely 
from the participation of the Millstone hill radar in the debris campaigns run by AF Space Command. 
Hence, the results are from a biased sample of debris with characteristic sizes larger than ~5 cm. 


The periodicities in the signatures of debris presumably equal to or a fraction of the spin period) 
range from as low as 0. 1 sec. to tens of seconds. There are inadequate statistics to assign a probability 
function to the spin period. All that can be stated at this point is that it would be invalid to assume that the 
thrust due to ablation caused by the interaction of the laser energy with the surface of the debris would be 
in the line-of-sight direction on an average. This will be true only if the debris is irradiated over several 
spin periods at a rapid rate compared to the spin period. 

The radar cross section of the debris particle is not always a clear indicator of the size of the debris 
as there are objects that seem to be brighter (and larger) at optical wavelengths and dim (and smaller) at 
microwave frequencies. The percentage of such debris is an unknown at present. If it is a small percentage, 
it does not affect the functioning of the ORION system. If, in the unlikely event, it is a large percentage, 
then the ORION system must employ an optical acquisition system in addition to a radar system. Or the 
importance of the laser as an acquisition system is enhanced. 
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7 0 ACQUISITION AND TRACKING OF DEBRIS WITH 
VISIBLE WAVELENGTH OPTICAL SYSTEM 


7.1 The Problem 

The ORION laser faces significant technical problems in autonomously acquiring debris for 
irradiation. Hence, a system is needed whose function would be "to seek, to find and to hand-off' to the 
laser. Specifically, the functions to be performed by the acquisition system are: 

a) Autonomous detection of debris of interest to ORION, 

b) Coarse tracking of the debris, 

c) Rapid discrimination using orbital and signature data, 

d) Handover to ORION tracker to point laser for irradiation (this precision tracker will almost 
certainly be optical) 

e) Assessment of the effects of the laser on the debris, 

f) Book-keeping of debris, particularly in case the "steady rain" strategy of 
debris removal is used, and 

g) Adequate throughput to match the appetite of the laser. 

There are at least three possible types of system that can achieve these acquisition and assessment 
objectives. They are conventional microwave radars, conventional visible wavelength optical systems and 
unconventional serendipitous detection systems using communication satellites as transmitters. This 
chapter analyzes the use of visible wavelength optics as acquisition system for ORION. 

7.2 Why Optical Systems? 

The advantages of optical systems are the following: 

a) High sensitivity optical systems can be built for significantly lower cost 
than similar microwave radars. 

b) Optical systems can be designed with a significandy larger instantaneous 
field-of-view than conventional microwave radars. 

c) High throughput of debris detection is achievable. 

d) Adequate capability for metric tracking is available. 

The disadvantage of optical systems are as follows: 

a) Optical systems will work only at night in clear weather, thus reducing the 
available hours per day. 

b) There are no immediately available optical systems of the kind needed for 
ORION. 

c) Discrimination capability of broadband optical systems is somewhat more limited 
than that of radar. 

7.3 Requirements 

The major requirements for autonomous acquisition include being able to acquire and (coarse) track 
the specified range of debris particles, to provide an adequate acquisition rate so that targets can be dealt with 
at a reasonable rate, and to hand-over to a precision (optical) tracker for beam pointing. The additional 
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functions noted above — discrimination, assessment of effects, bookkeeping — can be provided by an 
optical system. In particular a precision tracker operating on handover from the optical acquisition system 
could provide target angle position information to better than microradian accuracy from which good target 
orbit information could be deduced. Target velocity would not be available (unless an active coherent 
system were being used) as would be the case for a radar tracker. Target optical signature time history 
would provide some good discrimination information. When illuminated by the Pusher Laser, the 
backscatter and the radiation from a plasma could be sensed for additional information. 

For optical acquisition, the most stressing of the targets optically is the smallest/dimmest — a 1 
cm sized particle with a reflectivity (albedo) of 0. 1 . An optical system must be able to acquire and track 
these targets at daily rates comparable to or greater than that achieved by a radar (Haystack) in order to be a 
viable alternative. Haystack has demonstrated acquiring small targets at a rate of about 6 per hour, 
essentially at any time during the day. Haystack, in acquiring and tracking such targets, could provide track 

information to an accuracy of about 40 prad. Table 7.1 below gives the expected V M of the debris matrix 
targets. 


Table 7,1 : Expected Brightness of Debris Targets 



DEBRIS A 
(-40 dBsm) 

DEBRIS B 
(-40 dBsm) 

DEBRIS C 
(-35 dBsm) 

DEBRIS D 
(-30 dBsm) 

DEBRIS E 
(-18 to -30 
dBsm) 

wBKm 

007 

875 

663 

1170 

1002 


1560* 

18.2* 

1510 

16.3 




13.0 

1705 

13.7 













•Slant Rang* (Km) ‘Estimated V m 


There are two possible optical acquisition approaches: an active system where an illuminating 
beam is used to irradiate the target with a ground receiver detecting the backscattered radiation or a passive 
system which detects the target when illuminated by the sun. The active system would require an 
illuminating laser of a size similar to that of the Pusher Laser. Such a system has been considered and is 
reported elsewhere. Invoking such a major element to provide acquisition and tracking looked difficult so a 
passive system was also examined in some detail. 

7.4 Passive Optical Acquisition 

Passive acquisition and tracking of (large) space objects in low altitude orbits can be accomplished 
when the objects are in terminator illumination around sunrise and sunset. Acquiring and tracking in the 
terminator mode means that the sky background is dark so that the dim target light doesn't have to compete 
with sunlight scattered by the atmosphere. Such acquisition has been routinely accomplished for large 

typically satellites or spacecraft — and less routinely for small objects. The stressing target in 
the ORION group of targets is quite dim corresponding to a star of visual magnitude around 18 or 19 This 
is not routine. 


The anticipated operation of an autonomous passive optical acquisition system is "stare and chase. " 
The system will be pointed at a fixed position in the sky "staring" over its field of view with a fixed 
integration time (frame rate). When a target is detected, the system will continue to stare for several frames 
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as the target moves through the field of view. As detection frames accrue, a target is declared and a 
preliminary track file established. This track file is used to predict the target’s future position (of the order 
of a second) and the telescope mount is accelerated to the correct (future) position and velocity. The target 
moves to the camera (tracker) boresight and stays there as the tracker takes control of the mount and 
automatically tracks (chases) the target. 


A suitable acquisition system would operate for about 2 hours around sunrise and sunset each with 
a background consisting of sky background radiation, stars and possibly scattered light from the moon. A 
detailed analysis of time available as a function of latitude and time of year is presented in Appendix 7.1. 

The dimmest target (pA = 0.1 cm 2 ) was used to represent the most stressing case. Target orbits were 
reviewed in the 500 km to 1500 km altitude regime for acquisition at zenith angles of up to 60 °. From 
this, the most stressing orbit selected was for a debris particle at an altitude of 1500 km and 60 ° zenith 
angle resulting in a desired acquisition range of 2500 km and an angular rate of 2.4 mrad/sec. This 
corresponds to a star having a visual magnitude of 18 or 19; quite dim. 

Acquisition background information was taken from several sources. Sky glow information was 
derived from a review article by Gerald Daniels ("A Night Sky Model for Satellite Search Systems, Optical 
Engineering ,” vl6 no.l, Jan-Feb 1977) and from Gene Roik of Lincoln Laboratory (private 
communication) resulting in a value for airglow of 1.6x10”^ watts/cm 2 -s within the wavelength band of 
0.4 pm - 0.7 pm. Scattered moonlight several degrees away from the direct moonlight is of the order of 

10xl0' 6 w/m 2 -sr in the same band. Finally, the density of stars of magnitude 18 or 19 or brighter that 
would be seen by the camera while staring for debris particles was calculated. These densities are shown in 
Figure 7.1. The right hand ordinate in the figure shows the number of stars of the specified magnitude or 
greater that would fall into 50 prad and 100 prad pixel FOV-sizes appropriate to this system. This indicates 
that a large fraction of detector pixels will contain a star as bright or brighter than the target. Fixed 
background processing (such as frame-to-frame subtraction) will be required to eliminate these returns. 

7.4.1 Canonical Passive Acquisition System 

A preliminary study of requirements and hardware for providing the necessary acquisition and 
tracking for ORION was undertaken and indicates that a system utilizing current technology could provide 
the requisite acquisition and tracking. A baseline set of parameters for an operational system is shown in 
Table 7.2. 

The wavelength band appropriate to sun illuminated tracking was taken to be from 0.4 pm to 0.7 
pm. No attempt was made at this stage to optimize the receive band with detector responsivity and 
background noise. 


Table 7.2 

Baseline Parameters for Passive Optical Acquisition System 


TELESCOPE 

3.5 m Diameter (area - 9.6 m 2 ) 

Angular velocity maximum > 0.5 °/sec 


FOCAL PLANE 

Pixel Size ~ 50-100 prad 

Number of Pixels - (25 x 25) to (50 x 50) 

Dwell Time - 10* 2 secs 
Pixel Noise < 10 electrons/pixel 
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FIGURE 7.1 


DENSITIES OF STARS VISIBLE TO ACQUISITION SYSTEM 

NUMBER OF STARS EXCEEDING MAGNITUDE SPECIFIED 



134 




The diameter of the receiver (telescope) was selected as 3.5 m — reasonably large but not 
extraordinary. The Air Force is currently procuring two such systems, one for Kirtland AFB and one for the 
Maui Optical Station. The mount needs to be able to accelerate for the transition from "stare" to "chase" 
and to follow the target acceleration as it moves along its orbit. The transition acceleration will dominate, 
an estimated few degrees/sec 2 should suffice to permit the telescope mount to catch up to the moving target 
within a fraction of a second and within an angle not much greater than the tracker field of view. The 
Firepond telescope with its 1.2 m diameter aperture has a capability of 15 deg/scc angular velocity and 10 

dcg/sec 2 acceleration. 

Atmospheric transmission at zenith angles of 60° over this visible band was taken as 0.69 (0.83 at 
zenith) based upon models used here at Lincoln Laboratory. A MODTRAN calculation done by Jim Reilly 
for this study indicated a higher zenith transmission of 0.9 so we chose the more conservative value. At 
these levels of trans-mission, the effect is not strong. The system optics were taken to have a transmission 
of 0.5. 


Focal plane parameters were taken from those of current Lincoln Laboratory fabricated CCD focal 
planes. The quantum efficiency is 0.65 in the visible and the pixel read noise is 10 electrons/pixel for rates 
of 2 megapixels/sec. Current arrays are 2500 x 2000 pixels with 8 readout ports. The pixels are 25 pm 
square and would utilize on-chip binning (available on these chips) for this application. 

The system parameters used in this study are listed in Table 7.3. 


Table 7.3 

Reflected Sunlight Acquisition Parameters 
(Baseline Stand-alone Optical System) 


TARGET 

Area = 1 cm 2 
Reflectivity = 0.1 
Angular Velocity = 2.4 mrad/sec 
SUNLIGHT ILLUMINATION 
Wavelength band 0.4-0. 7 pm 
Intensity = 1000 w/m 2 

Atmospheric transmission = 0.83 
(zenith) 

BACKGROUND 

— 1 .63 E-1 0 w/cm 2 — dark night 

— 10 E-10 * — moonlight 

— 2.5E-4 —daylight 


SYSTEM PARAMETERS 
Aperture area = 9.6 m 2 (3.5 m dia) 
Obscuration < 10% 

Optical transmission = 0.5 

Detector Array: 

Quantum efficiency = 0.65 

Read Noise = 10 electrons / pixel 


Dwell Time = Pixel IFOV / Target 
angular rate 


* Moonlight background depends primarily on the LOS zenith angle. Above a zenith of 60° the in- 
band moon background is less than 10E-10 w/cm 2 . 


The performance of such a system as a function of pixel field of view (FOV) is shown in Figure 
7.2. In this figure, the target is the smallest (dimmest) target in the target set (1 cm diameter, 0. 1 
reflectivity). It is at an altitude of 1 500 km and being observed (acquired) at a zenith angle of 60° and range 
of 2500 km. In this analysis, the telescope is pointing to a fixed position in space (staring mode) and the 
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FIGURE 7.2 

REFLECTED SUNLIGHT ACQUISITION 
CANONICAL SYSTEM 

TARGET 62500 km, OMEGA=2.4 m rad/sec 
DARK BACKGROUND, ZENITH ANGLE = 60 d«g 





target moves across its field of view. The dwell time of the array is set equal to the time it takes this 
target, at its range and zenith angle, to cross the pixel FOV represented on the abscissa. Since this target is 
the dimmest in the set and at longest desired range, this figure represents the most stressing limit. Other 
targets will be brighter and thus give a larger signal or be the same brightness but closer resulting in a 
stronger collected signal. In operation, the dwell time would be constant at a value corresponding to dial 
most stressing target and the specific pixel FOV for the focal plane. 

Figure 7.2 shows a number of curves. The number of photo-electrons from the target and from the 
(dark) background are shown as broken lines. A total noise standard deviation (sigma) is calculated from 
adding the variances of the background photon noise in electrons and the focal plane read noise (ctr = 10 
electrons) and is shown as a dotted line. The solid line represents the S/N ratio: the ratio of signal photo- 
electrons to the total noise standard deviation (sigma) also in photo-electrons. 

As indicated, the maximum signal-to-noise ratio is about 2 for this most-stressing case and occurs 
at a pixel FOV of about 20-60 jirad (with dwell times of about 8-25 msec). It is recognized that operation 
at this signal-to-noise ratio is marginal. It represents a probability of detection of 0.7 and a false alarm 
probability of 0. 1 . (Adjusting the threshold to increase the probability of detection would also increase the 
probability of false alarm.) However, it is anticipated that a fairly simple multiple hit track initiation 
algorithm could be used to process multiple detections which would increase the probability of detection 
without increasing the probability of false alarm. Furthermore, the target chosen is extremely dim (at the 
range chosen it corresponds to about a 19th magnitude star) and an increase in brightness by only 50% 
would increase the probability of detection to about 0.99 with no increase in false alarm probability for 
single pulse detection. 

In Figure 7.3 is shown the same plots for a small target at an altitude of 1000 km with a range of 
1700 km at a zenith angle of 60°. The peak S/N ratio remains at about 2 since, while the range decreases, 
the angular rate increases and the dwell time decreases. 

Figures 7.4 and 7.5 show the effects of zenith angle and background. As can be seen in Figure 
7.4, the effects of zenith angle from 0° to 60° are not large giving good flexibility in locating targets as 
early as possible. In Figure 7.5 is shown the effect of full moonlit night on background which drops the 
signal-to-noise ratio by about a factor of 2 at the maximum of the signal-to-noise curve. This is significant 
but not overwhelming; somewhat brighter targets than the most stressing would still be detected and 
tracked. 


7.4.2 Acquisition Rates 

The current Lincoln Laboratory CCD focal plane referred to above is a 2500 x 2000 pixel array 
with a pixel size of 25 pm. Using this size directly for a 40 prad pixel FOV would imply, for a 3.5 m 
telescope, an f/number of 0.15 — quite impractical optically. However, if 12x12 sub-arrays of these pixels 
were binned into a super-pixel, it would be 300 pm on a side and for a 40 prad super-pixel FOV , the optical 
system would be about f/2 — much more practical. This binning can take place on the chip so that the 
read-out noise for a super-pixel remains at 10 electrons/read. With 12x12 pixels per super-pixel, the whole 
array would have 200x167 super-pixels. The array FOV becomes 8 mrad x 6.67 mrad which is about 50 
times that of Haystack. The acquisition rate will depend upon the shape of the FOV and the distribution of 
orbit angles but it will be at least 8 times that of Haystack thus essentially equalling (perhaps exceeding) 
the number of targets acquired by Haystack per day. 

7.5. Operation of an optical acquisition system for ORION 

A concept of operations will be described in this section for the canonical optical system defined 
earlier to act as the “debris finder” for the ORION laser. As part of the concept, the requirements/capability 
to perform all the functions tabulated in 7.1 will be stated. 
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NUMBER OF ELECTRONS OR S/N 


FIGURE 7.3 

REFLECTED SUNLIGHT ACQUISITION 
CANONICAL SYSTEM - MID-ALTITUDE 

TARGET ©1700 km, OMEGA=4.2 mrad/sec 
DARK BACKGROUND, ZENITH ANGLE = 60 deg 
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FIGURE 7.4 
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NUMBER OF ELECTRONS OR S/N 


FIGURE 7.5 


REFLECTED SUNLIGHT ACQUISITION 
BACKGROUND EFFECTS 

TARGET 02500 km, OMEGA=2.4 mrad/sec 
ZENITH ANGLE = 60 deg 

INTEGRATION TIME-(PIXEL IFOVy(TARGET ANGULAR RATE) 
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7.5.1. Autonomous Detection of Debris 

It is essential for the optical system to have adequate time to acquire, track, discriminate and 
handover the target to the laser. The discrimination task will take several minutes to complete and hence it 
is essential for the optical system to acquire the debris early in its apparition. Hence, the optimum strategy 
is for the optical system to stare at -30° - 45° elevation. Since the optical system has a FOV of ~0.5 a 
scan is not needed though a “step-stare” scan could be used. The stare will keep the stars invariant in the 
FOV The choice of azimuth is dictated by the location of the optical system and the inclinations of the 
orbits that are of prime interest Since most of the debris are in high inclination orbits, a optical system on 
or near the equator could point due north or south at 30° elevation for detection. If however, the optical 
system is located in say New Mexico, at 32° north latitude, pointing due south is recommended as it 
improves the inclination coverage significantly (see Appendix 6.1). 

The optical system should detect an average of 40 - 60 debris targets/hour between the altitudes of 
500 Km. and 1500 Km. However, this has to be established by experiment in Phase 2. Unfortunately, half 
of these targets will be setting. Out of those left, only 1/3 might come into the field-of-view of the laser. 

If a higher detection rate is desired, the optical system could conduct a “step-stare scan. 

7.5.2. Precision Tracking of Debris 

Once a debris target is detected the optical system has to initiate tracking in what is essentially a 
transition from a “stare” mode to a “chase” mode. Such stare and chase operation for debris has been 
developed and demonstrated at the Experimental Test System (ETS) in New Mexico. 

After the transition to “chase,” the acquisition system will be continuously tracking the debris 
target In the acquisition mode, with super-pixels of the order of 100 prad, the tracking accuracy can be 
expected to be in the range of a fraction of the super-pixel size — the fraction depending on the S/N. 

The Pusher Laser will most likely require a pointing accuracy in the region of 1 prad. This could 
be accomplished by a separate optical tracker (passive or active) with appropriately sized detectors or focal 
plane arrays so that the overall field of view is sufficient to accept handover from the acquisition system 
(with its tracking jitter/accuracy) and sufficient resolution to achieve the required precision tracking 
accuracy. Indeed, with the focal plane array used in the acquisition system as described above, it may be 
quite feasible to reconfigure the focal plane array while still in acquisition track to utilize the much smaller 
pixels (non-super-pixels). These might have a pixel field of view in the few prad region and would afford 
the required precision tracking required.. 

7.5.3. Discrimination 

This is probably the most time-consuming and complex task for the optical system. The 

requirements are as follows: 

1. Verify that the debris is in an ascending pass. 

2. Ascertain the catalog status of the debris in track. 

3. Ensure that the estimated size and, if required, dynamics of the debris are within the capability of 

the laser. 

4. Measure periodicities in the signature. 

5. Check whether the debris will transit the laser field of regard for the time interval required by the 

laser system to successfully irradiate it. 

6. Check that the debris will be sun illuminated until handover is complete. 

7. Guarantee that no other resident space object, and in particular, no payloads will be illuminated 

by the laser inadvertently during the engagement. 

8. Guarantee that no airplane intercepts the laser beam during the engagement. 
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The first six of these can readily be accomplished by the optical system during the acquisition and track 
period. 


7.5.3. 1. Correlation with the Catalog 

The data recorded during the transit of the debris through the FOV is adequate to discern whether 
the target is in an ascending pass. If not, the search can be resumed. As soon as ~ 75 seconds of metric 
data (or -15 observations) are taken, an initial orbit can be estimated and checked to see if the debris will be 
within the field-of-view of the laser for the required time interval during this apparition. If not, the optical 
system can return to its search. A correlation with the catalog should be done next. The data quality is 
adequate to yield a good estimate of the orbital plane of the debris and of its position in space, both of 
which can be checked against all the RSOs in the catalog. This task should take no more than 5 seconds 
with a modem work station and appropriate architecture of the software. If it is a known large RSO, the 
search for debris can be resumed. If it is a cataloged piece of debris, a real-time decision needs to be made 
based on the following: 

1. Is it of interest to the ORION system - depending on strategy and size? 

2. Who nominally “owns” the cataloged debris? Does the ORION system have “permission” from 

the “owners” to irradiate their debris? 

Given a positive answer to both questions, the next step can be taken. 

7. 5.3. 2. Size and Dynamics 

As the tracking of the debris piece continues, the optical system must estimate the mean size and 
perhaps a variance. The size can be approximately estimated using an average photometric phase model for 
debris. There is considerable doubt about the "average” value for albedo to be used which directly affects the 
estimate of size. It is recommended that, during Phase 2. a large sample of debris be examined with 
particular bias towards the denser population regions to assess an average albedo. Techniques for decoupling 
the area and albedo have been developed'. The signature data must also be analyzed through the mechanics 
of algorithms like auto-correlation or Fourier transform to determine any periodicities. The estimation of 
size is significantly affected by periodicity in the signature and, further, debris are known to have 
periodicities ranging from -0.1 sec. to »30 sec. 


The value of estimated periodicity in the signature lies in the fact that it will be significantly 
affected by the impact of the laser energy and, hence, it can be used as an indicator of the success of the 
engagement 


The inferred size of the debris must be compared to a threshold set for the ORION system to decide 
on the engagement. The periodicity may prove useful for the same purpose. 

7. 5.3.3. Inadvertent Illumination of RSOs 

A major concern with the ORION system is its potential for inadvertently illuminating and 
damaging a payload in orbit. This concern is motivated by both treaty implications and the cost of 
"friendly fire" . 

Once the debris has passed the filters in the previous sections and deemed suitable for engagement 
by the ORION system, a detailed prediction needs to be made of the part of the trajectory that the laser 
would illuminate. This prediction has to be compared with the known position of the entire catalog of 
payloads to guarantee that inadvertent illumination does not occur. Further, US Space Command may 

1 W.I.Beavers, L.W.Swezey : “Photopolarimetric Object Characterization and Size Measurement” MIT 
Lincoln Laboratory Project Report STK-234, 1 1 April 95. 
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require that a real-time check be made with a small catalog of important domestic payloads to preclude 
damage or interference. 

A question that remains is whether it is adequate to check against the locations of payloads or 
whether rocket bodies and other large objects in the catalog must be included in this check. The concern 
stems from the possibility of inadvertently causing a rocket body with left-over fuel to explode. Part of the 
answer is political. The technical part of the answer will come from an analysis of the impact of the laser 
on the debris Matrix Target F. 

The Airborne Ballistic Missile Defense Laser (ABL) being built by AF Phillips Laboratory faces 
some of the same issues and the solution would be useful to ORION. Other systems like SBV/MSX, 
SWAT, Firepond laser and AMOS/Maui laser system have resolved many of the same issues. 

This is a major issue for the ORION system. It will affect decisions on site 
location and modes of operation. 

7. 5. 3. 4. Aircraft Avoidance 

Regardless of the wavelength of operation of the laser, the ORION system has to ensure that it 
does not inadvertently illuminate an aircraft. Unlike RSOs, aircraft do not follow predictable trajectories. It 
is prudent to choose a site where major air traffic lanes can be avoided. But, in any case, the ORION 
system needs a real-time means of detection and avoidance of aircraft. 

Often a local search radar is used to minitor aircraft in the area, to warn them off or to avoid 
illumination in their direction. Since the FAA is shutting down a significant part of their radar system due 
to reliance on GPS technology, such a system may be available to the ORION system “free . In addition, 
it may be possible to include a wide FOV optical system operating in advance of the main laser to provide 
additional target avoidance capability. 

This is a major issue for the ORION system. It will affect decisions on site 
location and modes of operation. 

7.5.4. Optical System - Laser Handover 

Once a debris has passed all the filters listed above, it has to be handed off to the ORION laser for 
irradiation. The process in concept is very simple as the precision tracking of an optical system is adequate 
to narrow the search volume for the laser. There are two types of handover. 

A real-time handover occurs when the optical system and laser are collocated. In this case, the 
only issue is the mutual calibration of the laser and the optical system. This is not a major issue as 
substantial experience exists at MIT Lincoln Laboratory and other places. The optical system continues to 
track the object until a successful handover has taken place. 

A non-real- time handover occurs when the optical system and the laser are not collocated. In such 
a case, the optical system will have to determine a precise orbit and transmit it in some form to the laser 
system. The accuracy of the prediction is an issue that is being studied by AF Phillips Laboratory. Again, 
precise pointing calibration of both systems is a solvable concern. 

Concerns pertaining to the handover for both real-time and non-real-time can be addressed in Phase 
2 using the collocated and spatially dispersed set of MIT Lincoln installations. 


143 


7.5.5. Assessment 


A critical issue is the assessment of the effects of the laser irradiation on the debris. The questions 
that need to be answered are: 

1. Did the target interact with the laser energy? 

2. Can the mass, area/mass ratio or some similar parameter for the debris be estimated? 

3. Can the characteristics of the laser-debris interaction be measured or inferred? 

4. What is the perigee bin of the target post-irradiation? 

5. Is there a threat to a manned asset as a result of the orbit change? 

There are four methods that can be used to perform these assessment tasks: 

1. Measure the plasma “flash” created by the laser-particle interaction. 

2. Measure the instantaneous Doppler change of the target as a result of the interaction. 

3. Measure the change in the periodicity of the signature. 

4. Compare the estimated orbits pre- and post-irradiation. 

The plasma "flash” is expected to occur on every pulse of the laser that hits the target. A visible 
wavelength optical system, if collocated with the laser, can measure this effect The flash will clearly 
indicate that the target has been hit. It is unknown whether the plasma will be quenched rapidly enough 
such that the interaction due to each pulse can be monitored. 

The Doppler of a target can be measured very precisely by a coherent laser. Also, depending on the 
accuracy of the track, Doppler can be inferred from range measurements. In either case, if the target is 
monitored while being irradiated by the laser, the departure of the measured Doppler from prediction based 
on the pre-radiation orbit is a clear and rapid indicator of laser effects. This technique is routinely applied at 
Lincoln radar systems for monitoring orbital maneuvers. 


Continued tracking of the debris post-radiation will yield an estimate of the periodicity of the 
signature. However, it is quite unlikely that the debris target will continue to be illuminated by the sun and 
probably a laser or microwave radar system would have to provide the tracking. The periodicity is very 
likely to have changed as a result of the laser-debris interaction and can both confirm the interaction and, 
perhaps, provide a quick but poor estimate of the moment of inertia of the debris. Further, the laser 
tracking data can be processed into an estimate of the orbit which, when compared with the pre-radiation 
orbit, can yield the following. 

1. An estimate of the total velocity change imparted to the debris. 

2. The perigee bin into which the debris has been moved. 

3. An estimate of the mass of the debris if the intensity of the laser at the location of the debris is 

known and the size of the debris is known. 

The new orbit must be used immediately to assess whether the threat to a manned satellite has 
been increased If the new perigee height is lower than that of the manned asset, but is >200 Km., 
cataloging of the debris by further tracking is essential so as to provide adequate warning of close 
approaches. 

7.5.6* Miscellany 

Book-keeping of the debris merely refers to creating a histogram of the number of objects irradiated 
vs. the perigee bin in say 100 Km. steps before and after. This is to ensure that the risk in lower altitudes 
is not unduly increased and applies only in the case of the "steady rain strategy”. 
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The throughput of the optical system is governed by the approximately 5 minutes of total tracking 
plus the search time to find the debris. The best it can be with one optical system is 12 objects per hour or 
-50 objectslday given the requirement of dawn and dusk conditions. 

7.6 Summary and Conclusions 

The ORION system has a requirement for an autonomous system or systems to acquire the debris 
targets of interest and to track them well enough to hand over to a precision optical tracker which will point 
the Pusher Laser. The Haystack radar has the capability of acquiring the most stressing of these targets 

(reflectivity r = 0.1 , area A = 1 cm 2 ) at a rate of about 6 per hour. 

A passive optical system operating in the visible band detecting reflected sunlight in the terminator 
mode has been analyzed. An optical system with a 3.5 meter aperture utilizing current technology can 
detect these targets at altitudes of 1500 km and zenith angles of 60° corresponding to a range of 2500 km. 
With an existing focal plane, and a lot of processing, a total FOV of 8 mrad x 6.67 mrad could be 
implemented which could result in useful acquisition rates of at least 12 per hour or -50 per day (-4 hours 
of terminator observation time per day). This is probably more than enough to saturate the capabilities of 
the Pusher Laser and remain reasonably competitive with a radar system. 
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Topic 1: O verview of interrelationship amo ng laser and targe t 

PARAMETERS 

The purpose of this section is to tie together the various laser and target illumination 
parameters in the ORION problem in such a way that the operating points we have 
selected make some kind of sense, and so other operating points can be selected with 
clear awareness of the "maneuvering room" in ORION's multi-parameter space. 

This note uses relationships developed in later sections, but its proper place is at the 
beginning to provide a roadmap to tie those pieces together conceptually. 

Diffraction 

In vacuum, the relationship between near and far field irradiance scale parameters is 
governed by diffraction. 

We use Siegman's beam quality factor N [he calls it M 2 : see Siegman 1993] to describe the 
inevitable degradation of beam quality from the ideal, a concept which is really only 
appropriate for Gaussian beam propagation, entering propagation expressions for such 
beams as if the wavelength were N times longer than it is. 

There are two special near and far planes at which it is easy to relate beam intensity 
distributions to each other. For Gaussian beams, it is the pupil plane of the focusing 
optic at z=0 and the plane at the Rayleigh range 


where d s = Db/V2. If one focuses harder than that, the focal spot moves in to z<z R , but 
never gets smaller than 


Diffraction: 


d s = 


aNlz 

“dT 


[2] 


where a = 4/rc. In this case, if it is not true that d s «Db, Eqn. (2) is also not exactly true 
either and some larger spot size results from going through the exact analysis. If we 
define a fictitious quantity d so according to: 



then d s itself can be found from: 


[3] 


1 



[4] 


This distinction is important because Eqn. [2] is in error by several percent for the 
ORION case. However, for scaling purposes, we will use Eqn. [2] as if it were exact. 

From Eqn. [2] we can then state: 
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[ 5 ] 



where T is the one-way atmospheric transmission. 

The Target Effects trendline linking beam intensity in the atmosphere to pulse duration 

In section 1, we show that the fluence 0 0 or intensity I G which are optimum for 
producing maximum momentum coupling coefficient C m = mAv/W is given by 

a> 0 = Cx a [6] 

or Iq = C/x 1 ' a 

where a = 0.45 for all materials as pulse duration x varies from about lps to 1ms and 
C « 2.3E4. 

We also fit the response of an individual absorber around I s 0 in §2, showing that a good 
fitting function is 


I 3 

log C m = log C max - [1 .25 (log j) , I < I 0 
log C m = log C max - [0.36 (log -)] , I> I 0 




It is important to realize that Eqn. [7] means that C m goes like I P for I»Io, [where (3 = 
0.36 in the example plotted and 1/3 typically] and that this means that the actual 
momentum transferred continues to increase as I increases, going like 

mAv « I 1- P = I 2 / 3 . 

The optimum intensity is the one for which the expensive laser joules are used most 
efficiently; howver, in a situation where there is energy to bum and the situation is 
urgent, higher intensities than I G do more work. 

Assuming we want to achieve optimum coupling rather than maximum momentum 
transfer, Eqn. [6] implies that I s = C/x 1-ct , which can be combined with Eqn. [5] to give an 
expression which relates near-field beam intensity to laser pulsewidth given a choice of 
range, wavelength and mirror diameter Dt,: 


T T 1 " 0 - C(aN) 2 r Xz -.2 Ca 2 rXz-i 2 

b "ST^J 


■ [ 8 ] 


where S = 1/N is the so-called "Strehl Ratio". We have expressed this relationship 
leaving Db rather than d s a free variable because we believe the choice of E>b should be 
based on economics rather than falling out of some physics relationship. Note the 
strong Db -4 dependence. 

In § 5 and § 9, the dotted "target effects" line is based on an assumed choice of Db, and 
that choice is the smallest mirror which can just avoid causing I b to exceed the 


150 



threshold for Stimulated Raman Scattering and nonlinear phase shift in the 
atmosphere. 

As an example, if <x = 0.45, a = 4 In. X = 1.06 pm, z = 1500 km, T = 0.85, N = V2 (Strehl ratio 
= 0.5) and Ut = 600 cm, the target effects trendline is I b t°' 55 = 143, which is approximately 
the dashed line plotted in the "maneuvering room" figure of §9. In that Figure, 
maneuvering room for the laser operating point is nearly absent, by design, to produce 
the most efficient and least costly design. However, choice of a larger mirrpr prpvidgp 
Ini more manpnvering room . The overall decision is a cost tradeoff, which is beyond 
the scope of this subsection, but which is treated in §0A following. 


What are the limits to I b ? 

Limits to I b in the atmosphere are Stimulated Raman Scattering (SRS), Stimulated 
Brillouin Scattering (SBS), Stimulated Thermal Rayleigh Scattering (STRS) and 
nonlinear refraction (n 2 ). 

SRS is a nonlinear process occurring with strong optical electric fields in which two 
photons - a laser photon and, usually, a red-shifted photon called the Stokes wave, are 
coupled by momentum contributed by vibration of a Raman-active molecule. 
Monatomic gases like argon do not produce SRS. In the atmosphere nitrogen is he 
main contributor. For pulses longer than lps, starting from sea level, SRS limi s b a 
530 nm to about 1.3 MW/cm 2 . This limit is proportional to the reciprocal of the SRS 
gain, which is in turn proportional to the Stokes frequency, so the I b limit is 
approximately proportional to wavelength, and becomes about 30MW/cm for long 
pulses at 11 pm. As pulse durations become equal to and then shorter than the 
relaxation time of the molecular vibrations responsible for SRS gain, a gradual rolloff 
occurs as shown in the "maneuvering room" figure, eventually allowing much higher 
intensities to propagate. By the time lOOps is reached, I b = 50 MW/cm is permissible at 
530 nm. This choice exceeds our n 2 limit (see below) at sea level, but is very acceptable 
when the beam starts from 6km elevation. 


SBS is a nonlinear process in which the laser photon and the Stokes photon are coupled 
by a sound wave (phonon) in the Brillouin-active medium. One hears of SBS 
happening in liquids more often than in gases, but SBS competes with SRS at high gas 
pressures, and is in fact a main contributor to the procedure we will suggest (§11) or 
building a 100-ps laser. On a vertical path through the atmosphere for our laser 
parameters, SRS is effectively the only concern, since pressure drops so quickly, and 
pressure of a few atmospheres is required for SBS to be competitive with SRS in gases. 

STRS is the result of the formation of minute diffraction gratings in the air due to 
minute intensity differences in the beam causing thermal density variations on the 
scale of a few wavelengths. These stimulate their own growth by causing greater 
intensity ripples downstream. The resulting grating can scatter the beam dramatically if 
conditions favorable to strong growth are not avoided. 


Nonlinear refraction is the process whereby molecules or atoms of a medium are 
distorted by the high electric fields of an intense optical wave sufficiently to change the 
refractive index - usually by increasing it. The result is an optical phase shift in the beam 
proportional to local beam intensity, which results in beam breakup in solid state laser 
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systems. We have set a limit of one radian phase shift as being the limit of concern 
because as beam intensity varies from zero at the edge to maximum in the beam center, 
0 =1 corresponds to X / 6 wavefront error and, depending on assumptions about the beam 
profile, can cause a 10% loss in central beam intensity on target. We have used the best 
combination of theory and experiment available at the moment to estimate that half of 
the long pulse n 2 relaxes away for very short pulses. However, accurate resolution of 
this question from a theoretical standpoint should definitely be a subject of near-term 
future work. For long pulses, the n 2 limit is more than an order of magnitude above 
that placed by SRS. 

However, a very attractive operating point exists at lOOps where the SRS limit has 
abated by about an order of magnitude, and here, n 2 is the deciding factor for all 
wavelengths. 

Why this operating point is attractive will be discussed in the following subsection. 

Why short pulses go with reduced pulse energy 

We now ask what Eqn. [8] implies for laser pulse energy W. This is important because 
the cost of a laser tends to scale much more strongly with W than with total power 
P = fW in the range up to perhaps 10 or 15 Hz in which we are interested. 

Since W = IbfrcDb 2 / 4)x, Eqn. [8] can be re-expressed 


W = 


= Ca_rW a 

4T LD b J STLD b J 


[9] 


This relationship shows that if mirror size Db is fixed, dropping the pulsewidth from 40 
ns to 100 ps will reduce laser pulse energy from 23 kT to 1.5 kT . This change should 
produce a much less expensive laser, providng that complex (e.g., grating pair) designs 
are avoided and simple (e.g., SBS-SRS cascade) designs are employed. 

Universal Maneuvering Room plot 

We are now in a position to make a "universal maneuvering room plot" based on the 
detailed work in the subequent sections §4-6 regarding STRS. Several of the boundaries 
limiting ORION laser design maneuvering room show the approximate behavior I b «= 

X. Accordingly, the final two figures attached are plots of I b A, on which the SRS limits, 
the n 2 limits and the whole beam thermal blooming limits for a particular mirror size 
are very nearly single lines and the STRS limit is much more closely bunched. 

In order to show the target effects lines as single lines for two mirror diameters, we note 
that Eqn. [8] of this section shows that if Ib/A, is constant, Db <* So, we have selected 
mirrors of the appropriate relative size: a 6-m diameter mirror at 1.06 pm corresponds 
to a 11-m mirror at 11.1pm in its ability to produce a target illuminance distribution for 
optimum coupling when we hold Ib/X constant. 

Using this plot, the Ib « X 2 behavior for target effects at a fixed Db is made more clear. 
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Glossary 

a 


a 

b 

C 

Db 

d s 

f 

O = It 

X 

s 

S 

T 

T 

Av 


Constant relating far field to near field parameters 
= 4/rc for Gaussian radial profile beam 
_ 2.44 for uniform "tophat" radial profile beam 

exponent in Eqn. [6] expression for optimum coupling fluence 

subscript describing the "beam" or near field irradiance pattern 

constant in Eqn. [6] expression for optimum coupling intensity, 
=2.3E4 averaged over all metals and nonmetals 

near field laser beam diameter (in the atmosphere) 

far field laser spot diameter (on the target) 

laser repetition frequency 

fluence, J/cm 2 

laser wavelength, cm 

subscript describing the "spot" or far field irradiance pattern 

1/N 2 , the Strehl ratio 

laser pulse duration 

one-way atmospheric transmission 

velocity increment imparted to target, cm/s 


W laser pulse energy 

z range to target, cm 
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Universal ORION Maneuvering Room Chart 
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T9PK 2 1 HQW PHYSICS & COST ALGORITHMS IN T ERACT TO PICK MIRROR DIAMETF.R 

Executive Summary 

The purpose of this monograph is to indicate how we can use approximate costing 
information to estimate optimum diameter of the ground-based beam launch mirror, given 
the goal of minimizing total system cost. This section is expanded and revised from the first 
version which you received earlier, to include a very important group of cost algorithms 
developed by Jim Reilly, which enabled us to measure the cost of repetitivellv pulsing the 
ORION laser. 7 v 6 

Previously, laser cost was estimated single pulse cost alone. The new results for optimum 
Db and system cost with solid state lasers are not very much different from the old ones. 

What has changed can be summarized in 6 statements: 

1. Our results tend toward smaller mirrors than we considered to be desirable at the 

beginning of ORION Phase I, motivated as we all were by an instinctual hatred of wasting 
laser energy. Optimum mirror sizes vary from about 3.5 m at 400km range to about 7m 
for 3000 km laser range, when the lowest-cost system options are considered. 

1. It is cheapest to achieve a given average laser power level (for lasers suitable for ORION) 
by going to the highest feasible repetition rate. For example, a laser average power of 
30kW is more cheaply achieved by building a 300-J-per-pulse laser operating at 100Hz 
rather than a 30-kJ, 1Hz unit. All cases we calculated gave similar results: you want the 
highest repetition rate you can get to achieve lowest laser cost (Figure 1). For the present 
analysis, we chose 100Hz repetition rate for all cases, because the costing algorithms may 
not be trustworthy much above this frequency, and because experience indicates that 
much higher rep rate is difficult to achieve in large systems. 

2. It is far cheaper to use the shortest feasible pulsewidth. This point is illustrated by 
comparing the cost of 100-ps and 100-ns solid state laser options in Table 1, which shows 
that the optimum mirror diameter is about 50% greater, and the cost for any given laser 
range about 3 times greater, for the longer pulse option. 

3. Continuous (cw) lasers are competitive with repetitively pulsed solid state lasers for the 
ORION project. We studied a 1.3-pm iodine laser option, and found it to be competitive 
with the Nd:glass option. We do not yet have reliable costing algorithms for RF-FEL's, 
and there is no a priori reason to assume they cost out the same as a high power cw laser. 

owever, if they do, and if an RF-FEL can be built whose output is a continuous string of 
micropulses (100% duty cycle, not a series of macropulses) , then coupling to the target 

should behave like cw, and the RF-FEL would also be competititve. The missing piece is 
costing for RF-FEL's. 

4. For the lowest cost alternatives studied, the optimum mirror diameter is about 4 m, and 
minimum system cost for 600 km laser range about $30M. This mirror diameter is 
essentially identical to the 3.5-m diameter of the system at the Starfire Optical Range. 
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The details are summarized below. 

Table 1: Summarizing Optimum ORION Parameters 


Laser Type 

Range (km) 

Mirror Diameter 
D b (m) 

Total Cost 
(FY95 $) 

Laser Average 
Power (W) 


400 

4.2 

25 M$ 

500 kW 


800 

5.8 

46 M$ 

900 kW 


1500 

7.8 

81 M$ 

1.8 MW 


3000 

10.5 

150 M$ 

4.6 MW 

ll!P3S*EpE9| 

400 

3.5 

25 M$ 

32 kW 


800 

4.5 

39 M$ 

80 kW 


1500 

5.8 

60 M$ 

160 kW 


3000 

7.2 

98 M$ 

430 kW 


400 

6.5 

71 M$ 

210 kW 

|h| ■ 

800 

8.2 

116 M$ 

525 kW 


1500 

11 

184 M$ 

1.0 MW 


3000 

15 

312 M$ 

2.2 MW 


5. Average power level required for the cw case is about 10 times that for the solid state 
option. It was apparent many months ago that, because lkW/cm must be delivered to 
the target to obtain efficient thrust, the cw case involved MW-level power. We assumed, 
incorrectly, that the cost of achieving such a power level would exclude this option. 
There has been no change in the underlying target coupling calculations during this 

time. 


Comments: 

So why do. the costs for the solid state laser case still come out about the same as before? 
Because the cost of the laser head for those dominates the cost of repetitively pulsing. 

Oust the opposite is true for repetitively pulsed gas lasers: Figure 2 attached illustrates this 
point ) This means that cost optimization gives the same answer as when flow loop costs 
were not included for the solid state case. Note that output power at 100Hz rather than 
output pulse energy is now plotted on the right-hand vertical axis. 

Why are the minimum numbers for a particular range a little higher than before? 
Because we added a 10% contingency factor to the costs this time. 

Caveats: 

1. This analysis will not necessarily minimize system operating cost. 

2. The work has not yet been done to permit this analysis to include detailed cost 
breakdown for guidestars, adaptive optics and target tracking. This fact prevents us from 
extending this analysis to excimer lasers at the present time. It is assumed that laser 
rather than radar acquisition is implemented. 

3. This analysis does include implicit assumptions such as location of the laser station on 
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Earth, choice of laser parameters to achieve best momentum generation on the 
distant target together with avoidance of SRS and other nonlinear optical processes in 
the atmosphere, and choice of average power level appropriate to clear the 1 - 20-cm 
debris population in 2 years, but not, adequate for single-pass knockdown of the majority 
of debris targets in our Target Matrix. 

As more detailed cost algorithms become available, new data can be put into this procedure, 
and better estimates obtained. However, it is useful to point out what ORION cost estimates 
indicate right now. 

Basis for Costs Quoted 

There are two main costs in the ORION system. Cl and C m , respectively the cost of the laser 
system and the ground-based beam director with adaptive optics. First-cut evaluations of 
these are now possible due to the efforts of Linda Vestal, and inputs from Claude Phipps 
and Jim Reilly. 

For the laser, 4% electrical efficiency is assumed. 


Beam Director 
For the mirror: 

Take C m = BDt,q [i] 

Db = mirror diameter in cm 

At this moment, the best numbers we have for the coefficients and exponents in mirror cost 

are [please note, I have converted meters to cm in Linda Vestal's mirror cost formula for 
consistency] 

B = 74.5 
q = 1.9556 


Solid sta te laser cost 

W = laser energy in joules 

Cl = 1.1 z q 

i = 1 

with the following cost elements: 

Laser head 3 : Ci = $1.02E6* W °- 45 . 

Power supply** C 2 = S3.2E4* (fW /1000)°- 85 

Cooling gas flow loop b : C 3 = $6.8E4* (fW /1000)°- 88 *(f/1000) 0083 

System integration 13 : C 4 = $6.0E4*(fW /lOOO) 0 - 256 


Where 
we have 


[ 2 ] 


[2a] 

[2b] 

[2c] 

[2d] 


3 Source: C. Phi 

construction an 

10-ns laser system 

b Source: J. P. Reilly 
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(las laser ( pxrimer or CO?) QQSi 

Where W = laser ener gY in j oules 


we have 


7 

C L = 1.1 1 q 

i = l 


with the following cost elements: 

Laser head* 3 : Ci = $1.2E4*(25W ) 0 ' 49 - 
Power supply b : C 2 = $3.2E4*(fW /1000) 

Cooling gas flow loop* 3 : C 3 = $6.8E4*(fW /IOOO ) 088 WIOOO ) 0083 
Pulse forming network* 3 : C 4 = $4.0E3*W° 918 
Switches' 3 : C 5 = $6.0E3*W°- 875 (f/1000) OA 
Optics' 3 : C 6 = $1.8E4*W 014 

System integration 13 : C 7 = $6.0E4* (fW /1000)° 256 


[ 3 ] 


[3a] 

[3b] 

[3c] 

[3d] 

[3e] 

[3f] 

m 


Pulsed laser cost det ermination 

Now, we use the analysis in in §0 which employs the physics of the problem, to connect the 
required laser parameters on the ground to the target intensity required to form plasma and 
obtain optimum coupling, particularly to relate laser pulse energy W to mirror diameter D b : 


Ca r l 2 


[4] 


In this expression, 


and 


C = 2.3E4 is a constant derived from optimum target coupling 
a = 0.45 is an exponent derived from optimum target couling 
x is laser pulse width 

T is atmospheric transmission (0.85 for a vertical path) 

S is Strehl ratio (1/N 2 in § 0) = 0.5 
a = 4/71 

X is laser wavelength in cm 
z is range to target in cm. 


To obtain our total system cost estimate, we add laser cost to beam director cost 

C to t = C L + C M . 13 


Substituting Eqn. [4] into Eqn. [5] gives a plot of ORION system cost versus mirror diameter 
D b , for which there is always a minimum . (See Figures 3 and 4). 

The physical reason for this arises from what happens at the two extremes: for very large 
mirrors, a small spot on the target results in a small laser pulse energy, but these huge 
mirrors are very expensive (and probably impossible to build). In the limit, system cost 
dominated by mirror cost goes up about like Db 2 . At the other extreme, a very small mirror 
gives a large laser spot diameter in space, requiring huge laser energy to ignite a plasma. In 
this limit, system cost dominated by laser cost goes up about like 1/Db/ because Eqn. [3J 
requires W °c 1/Db 2 , but cost (Eqn. [ 2 a]) goes up about like VW. 
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Visible Region CW laser 

We consider the case of a cw iodine laser (^,=1.3 pm), a case currently receiving strong 
attention in the USAF. 6 6 

Elsewhere, calculations by J. P. Reilly have shown that I s = 1 kW/cm 2 is the appropriate 
target intensity for the cw case. Extensive data taken by O'Dean P. Judd completely supports 
this statements For cw lasers, Ecjn. [5] of section zero can be recast: 



from which we have P = I. = 4 * s ( —\ 2 m 

V 4 ) b 7t S T \ D b / lbJ 

which is the analog of Eqn. [4] for the required cw output (optical) laser power level on the 
ground. 

Reilly has shown that C L = 1E5 (P/IOOO) 081 [ 7 ] 

Eqn. [1] already covers visible region mirror costs. Combining these results and varying Db, 
as we did for repetitively pulsed lasers above gives the surprising result shown in Figure 5. 
In fact, a cw laser operating at 1.3pm has minimum cost which is not unfavorable compared 
to the minimum cost of repetitively-pulsed counterparts in the above sections! 

It will be noticed that the corresponding power for 800km range is in the tens of MW level. 
Our result is surprising to us because we had not imagined that a tens-of-MW laser could be 
built for a reasonable cost, and dismissed this alternative out of hand, prior to having 
Reilly's cost figures. ° 


c O'Dean P. Judd, private communication 6/17/95 
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Laser head cost as fraction of total laser cost 


ORION Laser Cost Breakdown 
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ORION System Cost vs. Mirror Diameter 
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Laser Output Power (W) 
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ORION System Cost vs. Mirror Diameter 
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1E+1 

Mirror Diameter (m) 


Laser Output Power (W) 









Photonic Associates 



cw laser ORION costs 
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Laser Output Power (W) 




Topic 3: Does a useful scaling giving laser intensity for 

MAXIMUM MOMENTUM COUPLING I MAX IN VACUUM EXIST? 

Such a relationship, if it exists, should describe, within a factor of 2 or 3, the 
relationship between laser fluence incident on the target (J/cm 2 ) and pulse 
duraton for a wide variety of possible debris surface characteristics and laser 
wavelengths, at the point where maximum impulse is generated. It would be 
surprising if such a universal relationship could be more accurate than a 
factor of 2 or 3, due to the variety of conditions under one hat. The relation- 
ship is highly useful for back-of-the-envelope scaling exercises such as led to 
the suggestion for a new candidate laser operating at 100 ps rather than 40 ns, 
which came up at the Washington kickoff meeting. Greater accuracy is not 
required (see Figure 1) since the typical curve for coupling vs. intensity (or 
fluence) changes fairly slowly near the peak. I want to reiterate that this graph 

f ives peak coupling intensity, not plasma formation threshold, which we 
ave been using a little too interchangeably. 

Up to now, we have been using O max = 8E4Vx for the relationship, based on a 
quick study of a few experiments several years ago. 

Now, after reviewing the data from 48 experiments spanning laser pulse 
durations from 300 fs (3E-13) to 1.5 ms (1.5E-3) from the UV to the IR, the 
answer is: yes it does exist. 


Where 


3> = CT a 


we have found: 


Material 

(Expts) 

c 

a 

rms log deviation from 
trend is a factor of: 

All (48) 

2.30 E4 

0.446 

3.2 

Metals (30) 

8.01 E5 

0.648 

2.4 

Nonmetals (15) 

5.97 E3 

0.408 

1.8 


The index following the graph gives references for the work. For the metals 
graph, the 300 fs data point was deleted, as not clearly relevant to our work as 
were the Afanasev Cu and Pb points (b & d). 

A word about scatter: The variation of coupling among materials in a carefully 
done experiment (take, e.g., points p,q,r,s,t,u which represent 694 nm on Be, C, 
Al, Zn, Ag and W) is often less than the variation among experimenters with 
the same materials (compare, e,g, points W,f,o,V,H,n which are all 351 nm 
on Al). 


To qualify as relevant data, a curve like Figure 2 of §2 showing a clear 
maximum must have been generated, for a target in vacuum. Unfortunately 
this requirement eliminates a lot of C m vs. I data in the literature reported as 
smgle points or a trend, or where the target was in air. Coupling in air is 
usually quite different from vacuum coupling. I am currently including one 
air point in Figure 1 at 300 fs, since plasma expansion during such a very short 
pulse (at the sound speed) should be about 1000 times less than the mean free 
path of an air molecule. A table which elaborates this "index" is included. 


Note that the intensity for maximum coupling is a factor of two or so above 
threshold for momentum production. It is also slightly above the intensity 

ld , fo ^Pl asma ignition. TT\e onset of plasma formation marks the onset 
of reduced efficiency of surface heating by the laser. This is due to two plasma- 
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f u„ absorbed laser energy to forms which do not reach the surface, ine 

2] for the typical relationship between I max and the threshold intensity or 
momentum production]. ... .. , . , 

The 4th figure in this section shows the calculated plasma rgmtion ttreshold 
for aluminum with excimer laser pulses in vacuum after Rosen, et at. 1982. 
This figure is evidence that, for a particular material and setoflaser 
paiamiters in our range of interest, I mi > = constant is not a bad 
approximation. 

There is a good physical reason to expect such behavior. To the 

temoerature (say that for vaporization and plasma formation) at x 
fron^surface of single material, or on varans other matenak with the same 
product pCK, using various combinations of I and X, requires that Nr be 
constant. 

This can be seen from the well-known equation for the prompt temperature 
response erf a semHnfin.te solid with th/rmal diffusivi^ K to a heat pulse 
lx /Jo [see Carslaw and Jager 1959 or Zeldovich and Raizer 1963]. 


{lim| 


X« 


2,/kT 


T(x, x) } = 


2l/c 

J 0 pC /jnc 


exp ( -^) 


[ 1 ] 


[In Eqn. (1), x is the dimension perpendicular to the solid surface^! is laser 
oulsewidth, J Q = 4.185 J/cal, p is the material s density fe/cm ), k - K/(pC) is its 
thermal diffusivity, K is its thermal conductivity and C is its specific heat 

(cal g^K* 1 )]. . _ 

Finally, to avoid confusion, please be aware that the relationship for laser 

fluence <I> = lx 


O = c x “ 


is equivalent to I x^ 1 ' 01 ^ - c . 

French Data : I finally got a response from the French on my request for the 
actual C m values in their data with aluminum, particularly in the 100-ps 
range. Their published data 1 had arbitrary units for the coupling coefficients. 


1 Combis, David & Nierat, Revue Scientifique et Technique de la Defense , CEL-Valenton 
report no. 4 (1992) 
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It apparently took them 3 months to get approval. My interpretations of their 
data are summarized in the following table: 


Table: C m0 pt and I opt for 1.06-pm pulses on 2024 aluminum 2 


Pulsewidth 

Cmnptfdvne-s/T) 

InprfW / cm 2 ) 

160 ps 

5.5 

5.0E9 

900 ps 

7.0 

1.3E9 

4 ns 

7.5 

3.0E8 

30 ns 

6.5 

6.9E7 


Please see the attached, for examples of the actual 160-ps and 30-ns data sets. 

The final figure shows all the French data plotted vs. the fit parameter (1X4 t), 
illustrating: 

a) A comparison model calculated from first principles with no adjustable 
parameters can fit coupling data covering, in this case, a factor of 200 in 
pulsewidth, within a factor of 1.8 near peak coupling 

b) The scatter between two different methods of taking the same data spans a 
(vertical) factor of 1.5., even with the most careful experimentalists in the 
French CEA. 
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Laser parameters for optimum momentum coupling 
(46 experiments, UV-IR, all materials) 
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SURVEY OF LASER FLUENCE AND PULSEWID TH FOR MAXIMUM COUPLING 
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Laser Intensity (W/cm 2 ) 



Coupling Coefficient vs. Intensity 
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Topic 4: nonlinear response of air at 100 


ps . 


NOTE: this section supersedes the previous handout on nonlinear index. Please 
discard your copy of the old section 5. 

As pointed out in the kickoff meeting, an attractive short-pulse option (x =100 ps) 
exists for the ORION laser which offers some advantages. 

The preliminary analysis presented there indicated that this pulsewidth will allow 
us to use a smaller mirror as well as a smaller laser while still igniting a plasma 
and coupling well to the debris target and - because the Raman intensity threshold 
goes up for short pulses - still avoid stimulated Raman scattering in the 
atmosphere. 

However, nonlinear refraction in the atmosphere may replace SRS as a concern for 
this laser. This note considers that possibility. 

As illustrated in the inset figure, n 2 causes an instantaneous increase in the 
refractive index of the medium through which the pulsed laser beam passes which 
is proportional to the local intensity. Of course, we could take pains to make the 
beam intensity I(r) uniform in the near field (where a is the beam radius, the “near 
field” is defined as propagation distance z such that z< a 2 /(A, about 6000 km). In 

this case n 2 would only add some additional 
frequency components to the beam due to the 
rapid change of phase during the rising and 
falling part of the pulse. However, this is 
normally an inefficient way of apodizing a 
beam, diffracting away energy which could 
have reached the target. Usually, we want a 
rounded beam shape, like the gaussian shown 
for illustrative purposes, which then causes 
the medium (air) to look like a lens. 

The nonlinear index n 2 in 1 atmosphre of air at 
standard temperature has been measured at 
1.053pm [see Pennington, Henesian and 
Hellwarth 1988], and is 

n 2 = (1.0+ 0.1) E-16 esu [1] 

= 4.19 E-10 cm 2 /GW. 

If, as in the kickoff meeting notes, we use a 
laser energy W = 1.2 kJ in a D b = 500 cm beam 
with pulse duration x = 100 ps, then the near 
field beam intensity is I b = 60 MW/cm 2 . This 
intensity would give 1 radian of phase shift in a 
distance 


nonlinear 
medium 
(e.g., air) 





z = (kn 2 Io) - 1 = 6.33 km/^ m 


[2] 


which, even at 1pm wavelength, is similar to 
the effective total thickness of the atmosphere. 
Previously, we used the fact that the rotational 
. , m . relaxation time T in atmospheric pressure air is 

a i^ u , [P ennm fjt°n, zt al. 1988] and theory for incorporating relaxation times 

which are similar to or longer than the laser pulsewidth [Marburger 1975] to 
conclude that the phenomena responsible for n 2 would not be able to follow a 100-ps 
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relevant relaxation times to be of order 1 or 2 ps rather than 100 ps. 

Raman linewidth Av (Hz, not radian frequency) y 

T2 = (71AV2)" 1 

The Raman linewidth in nitrogen, the main constituent of air is pressure broadened 

to altitudes below about 40km in the atmosphere (pressures Catkins 

tort, above which Doppler broadening is dominant [Kurrnt, Ackerhalt and Watkins 

1987]. In the pressure broadened regime, 


AV2 = pB 


[4] 


and B to room temperature N 2 is 3270 Mhz/amagat [Herring, Dyer and B^schel 
1986] for the dominant rotational Raman lines, hence the 2 P . 

and oxygen 

Avi = 2.36 s/bT 


[5] 


to estimate what is effectively Ti - 1 - 2 ps for air. 

There is even a third time constant which is much faster than these two, that for 
Nation of electronic effects in air, that is, the nonlinear susceptibility i 
still be present if the molecules were not free to rotate, but 1 *5“ ®. 
total nonlinear susceptibility IPennington, Henesian and Hellwarth 1989b 

Using the results of the previous section 5 analysis without dwelling on t em, e 
picture thaf emerges ton 2 in vertical propagation through the atmosphere, as 
pulsewidth t drops from a few ns to a few fs, is: 

x. Relaxation of that part of n 2 due to T 2 after the fashion shown in the following 
Figure: 
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Illustrating reduction of noniinear response of aFbylriite 
molecular reorientation time, for short laser pulses 



Figure 1 


as pulsewidth shortens past about 1 ns. Some fraction f of the original n 2 will remain. 

2. Relaxation of that part of n 2 due to T x after the same fashion, as pulsewidth x 
shortens past about lps, leaving about 8% of the long pulse value. 


3. Disappearance of n 2 as x becomes short compared to lfs. 

The iatter two cases do not concern us. The question is, how much of the n 2 on the 
vertical atmospheric path is due to T 2 , and how much to T x ? Despite lots of 
conversations and literature search in the last week, this question does not have a 
[^l P lwarthT995] nd ^ C ° mplicated anal y sis required has never been done 


SribuZ U in d hi\ t0 uZ Kramers -Kr»“8 techniques to assess the relative 

cm ‘ and {hat ? eqU f nCy ''■brational spectrum in nitrogen around 2330 

m and that of the rotational spectrum around 80 - 100 cm 1 to its nonlinear 
index, following a prescription outlined in Hellwarth 1975. 

frart'on^ ° f Shaw ' et al demonstrate that the 

iracuon t is about 0.5, and because of the amount of work involved it is mv 

R&D'pro^am taSk Sh ° U ‘ d " 0t be com P leted now - but assigned to the follow-on 


186 



In what follows, we will assume the fraction ofn 2 which decays with the long time 

constant T 2 is exactly 0.5. * 1Q7*»1 usine a 

To show how this relaxation is done, follow the analysis of Marburger 19751, using a 

parabolic pulse shape with full width at half maximum (FWHM) T, and parameter „ 
= <2x = the halfwidth of this pulse at the baseline: 

I(t) = I b (1 - -*-j) for t<= v [6] 


The laser-induced refractive index change is given by. 
8n = n 2 {1(0 + K I b [<4= - 1) + + D 1 


for t<=x 0 


and 


8n = n 2 I„2f e- " T [e Vr - 1 ) + e' ,/r <T + 1 >1 for x ° 


[7bl 


As in the above figure, there is a maximum value of 8n in time, which is what we 
^ns"der to be the Nonlinear refractive index. Then, we numencaUy , 

7a and 7b using the actual atmospheric pressure profile [Wolfe and ^% s ’jr' J 
broken into 20 layers for 11 different laser pulse durations ranging o p 

Hellwarth et al 1990 give a recipe for scaling this n 2 calculation to , wavelengths 

ot"n the one for winch n 2 fas measured. ^"^"'l^V^column 
calculation are the basis for the following table, 

for I 0 threshold scaling reflects the fact that phase shift A* - kn 2 IoZ, where k 


x 1 

Scaled n 2 

Scaled I 0 threshold 

353 nm 

1.68 

0.2 

530 nm 

r i.o5 

0.475 

1.053 pm 

1.0 

1.0 

11 pm (long X limit) 

0.96 

10.9 


The calculated results for the n 2 limit are shown in the two n ew “Maneuvering 
Room” figures attached. The curves begin flattening out again at the left of the 
Figures because of the assumption that 50% of the nonlinear index does not relax 
with T 2 but rather with Tx. These figures also include the new SRS results whose 
derivation, will be described in section 9. 

The new n 2 curves portray the near field laser intensity required to just give one 
radian net phase shift (XI 6 wavefront distortion) between the ™ ntera " d ed f* ° f p the 
laser beam at peak phase shift, while propagating on a vertical path through the 
atmosphere. The vertical path assumption is made for all calculations represented in 
the Figures. Clearly, the limits are 40% lower for a 45° zenith angle for those features 
such as SRS, STRS and n 2 , which an undesirable result is proportional to the 
product of intensity and path length. All the effects which are of concern to us share 

this behavior. lg7 



This is a good time to ask the question: how much phase error is acceptable? For a 
simple gaussian near-field radial intensity distribution in the laser beam, the Strehl 
ra 10 (ratio of on-axis intensity to that for perfect propagation) is [Phipps, et al. 1979] 


lg2(0)l =2A^[ C 2( A( t>) + Si(A0)] [8] 

o C2 and S 2 Fresnel integrals. This expression was used to generate the 
Strehl ratio in the Table. The index (2) in Eqn. [8] comes from setting p=2 in the 
expression for a general hypergaussian beam radial intensity distribution: 


^ = exp[-2arP] 


[9] 


Exact expressions for Strehl for shapes with p* 2 that give better exit pupil filling are 
also given m Phipps, et al. 1979. H s 

We clearly would not want to accept as much as a 10% intensity loss on target due to 

ref I aC S° n ' °? eradian P hase shift in a simple gaussian radial intensity 
distnbut! 011 , by Eqn [8] just gives 9% loss in on axis Strehl. This is a worst case 

l } F ? r the S J h ?^ e u pulses ’ avera ^ e P hase shift during the pulse is 
„ h fi f t tl } e pe , ak Va io 6 ’ a , n , d (b) hyp er ^ aussian profiles with better pupil filling 

say p = 6, give less loss of Strehl ratio. 8 ’ 

Dr^l<em C !^t^?V»(f Preh f minai7 Study is that nonline ar refraction should not be a 
th 1 f SyS f Gm P arameters ^ ven here > ^ wavelengths X> 530 nm 
although the parameters chosen turn out to be right on a new boundary for 530 nm. 

We also note some really obvious advantages of the infrared wavelength ll.lgm. 
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TOPIC 5: intensity limits due to stim ulated Raman scattering 

The main reason Stimulated Raman scattering (SRS) is bad for ORION beam 
propagation is that it can be shown to result in a cone-shaped “ 

intensity in our configuration [Kumit, etal. 1987], Henesian ef ah 1985 _also did 
experiments on SRS conversion over a 150-m air path in which they found that beam 
quality deteriorates severely above Raman threshold. Otherwise one might decide to 
let the beam convert to a new wavelength and not worry about it. 

The SRS interaction is one in which two electromagnetic waves E L and Es and a 
nonlinear polarization wave Q are coupled by an optical phonon wave above 
threshold in a Raman medium: 

C L = E L (z,t) exp(ikLZ-io)L t) [1] 

C 3 = Es (z,t) exp(ik s z-ici> s t) 

Q = Q(z,t) exp(ik p hZ-icDph t) 

Practically, SRS is a nonlinear optical effect which redshifts sufficiently intense 
radiation to a new “Stokes” wavelength given by 

(o s = ©l - cor . [2a] 

while k 8 = k L - k R [2b] 

for the propagation vectors (whose magnitude is k=2 idX) provides the other of the two 
required matching conditions. The Stokes shift co R = 2tccv r depends on the Raman 
medium. For air, v R is about 80cm 1 . 

Ordinary SRS is already a fairly complex matter. The present problem requires a 
theonffor Transient Stimulated Raman scattering, by definition, and that is even 
more complex. But first, let’s review the steady state results. 

In steady state, SRS intensity gain for the Stokes frequency depends on laser 
intensity Il> SRS gain gR and range z as. 


W .ex P (g R I L z) 

(«L I SO ( C0 s lL) ex P(gR I L z ) 


1 + 


[3] 


in the normal circumstance where the Raman seed intensity has not yet become as 
large as the laser intensity I so exp(g R I L z) « I L [Fulghum, et al 1984]. 

The SRS gain coefficient is given by [Wang 1975] 


/ aa.2 8 7 r 3 N 




[4] 


in the atmosphere (n=l). 

Note that gain is scaled between wavelengths via its proportionality to (Og. 

In Eqn. [4], y is the Raman linewidth, 
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5 the offset from the two-photon resonance, N is the molecular density and Qa/9q) the 
derivative of the molecular polarizability with respect to the normal coordinate q of 
displacement in a Raman-active vibrational mode. 

f ^transient SRS, the situation is more complex. We follow the analysis of Ori, et al 
1990, with some help from Carman, et al. 1970. 

In tile transient regime, Eqn.s [1] become coupled field equations with coupling 
coefficients q i andq 2 ' 


3Q* 

at 


+ (Y-i8)Q* = iti 1 ELE s 


[ 6 ] 


aE s 1 aE s 


9z 


+ 7-ar=- i7 i2Q*E L 


In Eqns. [6], 8 the offset from the two-photon resonance. 

In the large amplification limit, transient SRS gain g t can be related to the steady 
state value given by [Heeman and Godfried 1995]: 


gt z - V g s Z ^ T L 


[7] 


On, etal. solve Eqns. [6] numerically. We have adopted their solutions, and modified 
them for integration through the real atmosphere rather than the exponential 
density profile they assume to give the SRS limit curves in the “Maneuvering Room” 
plots which were attached to section 5. 

In particular, we utilized the most realistic of two threshold definitions they 
introduce: namely that SRS pulse energy has become as large as 1% of the laser pulse 
energy Since threshold intensity is proportional to nepers of small signal gain 
normally beginning around exp(-30) for I so , a choice of 10% for the limiting value 
would make a relatively small difference in the outccome of our calculations. 

We ^allowed for real atmospheric profiles by separately integrating the steady state 
SRS gain following a prescription of Kumit, et al based on the variation of T 2 with 
altitude (see Figures 1 and 2 of 4 attached), in order to normalize the steady state 

by ? n ’ et al t0 these values > then letting their calculations 
t W transient repme. The attached Figure makes it clear, for example, 

iwJS? % 5 °/ a ioo Uderepresents on ly a 10% effect on the overall gain 

integral Steady state SRS gain actually rises with altitude at first, because 

temperature is going down, which results in a redistribution of the population with 
the various rotational states in nitrogen that favors higher gain. 

^n y sientTR%V 0Ur l e f ™ ction / or th f fi y st P hotons which are amplified at A s by the 
^ S g , that de P ends on the laser beam volume, and we have also 

mo 1 ed their results to reflect the size of beam we intend to use in ORION 

Beam source size is a few percent effect, that can be scaled directly from beam sizes 

secUon basX 1 foI1? 0 a“ t ) 9,gmfiCant e,TOr ' ® ee * he FigUre 3 ° f 4 attached ‘° this 

ITbe SRS threshold calculations of Ori, et al. covered numerous wavelengths from 

us Tthelo 4 t 4 ° f three att ? Ched t0 this section| Th“eforethe ouly 
ll.lpm f h Eq 4 SCa mg m ° Ur WOrk was in generating the prediction for 
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We conclude that 

• SRS thresholds are very close for 530nm laser wavelength and unavoidable for 
shorter wavelength 


• A tremendous advantage accrues from going to 11. lpm 

. The 100-ps operating point we defined at the Washington kickoff meeting based on 
the simple “elbow” curve for SRS threshold variation that we had at that time 
indeed as good a choice as the 40-ns operating point for the laser. 

This laser Doint design will be reviewed in more detail in section 12, but its main 
feature was allowing us to go to about 1.5kJ pulse energy at lOOps rather than 2 
at 40ns, which might result in a substantially cheaper laser. 
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SRS intensity thresholds for 1m 2 beam area after Ori, et al. 
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topic 6: STRS limits to ORION maneuvering room 

We have now completed calculations which clearly define the limits posed by 
Stimulated Thermal Rayleigh Scattering (STRS) in the atmosphere to 
"maneuvering room" in pulsewidth and intensity for the ORION laser. 

Our results show that there is more room in the direction of longer 
pulsewidth and lower beam intensity than we earlier believed based on 
simpler first-round calculations defining the STRS limits. 

STRS is a fine-scale analog to whole beam thermal blooming, in which 
ripples in the laser beam intensity grow by producing corresponding density 
variations in the atmosphere which act like lenses, creating more intense 
ripples downstream. When gain in the direction of laser propagation is 
positive for these ripples, they ultimately become strong enough to form a 
diffraction grating which scatters the laser beam and severely degrades its 
intensity and optical quality. 

The difference with whole beam blooming is in the scale of the effect, not in 
the basic physics. In a plot of intensity or refractive index across the laser 
beam, the spacial frequency of the STRS effect for gains of e^or so will range 
from 30/cm to 30,000/ cm [meaning ripples with wavelength from 0.2 mm to 
0.2pm] depending on laser wavelength and pulse duration in the ORION 
application. In whole beam thermal blooming, in contrast, spacial frequency 
is of the order of a reciprocal beam radius, say, 0.003 /cm. 

The improvement in the present calculation is similar in nature to that for 
the improved calculations of SRS and 1 x 2 limits which we reported earlier. In 
the present work, the atmosphere up to a height of 70 km was divided into 13 
zones of various physical thickness ranging from 1.6 to 8.7 km, the thickness 
of each zone chosen to correspond to an absorption length 1/a for the laser 
wavelength. Our earlier estimates of the STRS limit used just one zone with 
thickness equal to the atmospheric scale height. As in earlier work, the theory 
ot J. J. Barnard [1989] was employed to analyze STRS. 

This is a fairly complex problem. Barnard defines 8 distinct regions, each with 
completely different expressions for exponential gain G experienced by the 
index perturbations. These regions describe different physical effects. In each 
zone of the atmosphere, different regions play a dominant role, since so many 
of the physical parameters that determine the theory change by several orders 
of magnitude on the way to outer space, including refractive index (n-1) laser 
absorption coefficient a, thermal diffusivity and the velocity v due to wind 
shear and turbulence. In our simulations, we found that the laser beam often 
experienced the effects of 3 of the Barnard regions on the way out of the 
atmosphere and, of course, which ones were engaged depended a lot on laser 
beam parameters. In general, the longer the wavelength, the higher the 
intensity which can be propagated for a given pulsewidth, just as with SRS 
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Figure 1, plotted from theory for the indicated choice of parameters, and 
constant distortion number Nd/ defined below, illustrates the complexity 
involved, and the specific physical effects encountered. 

For clarity, we have added some nomenclature not present in Barnard's 
paper, plus more precise definitions of the boundaries separating the gain 

regions. 

Notation is summarized in the inset of the Figure, but we will amplify a few 
definitions here at a level which will not fit the inset. 

It is convenient to use dimensionless perturbation wavenumber k= kj ./£ and 
laser pulsewidth <T= ^c s x, where % = V(2k/z), z is the range (thickness of a 
particular atmospheric zone 1/a in our case) and k - 2k/ X, is the laser wave- 
number. These are the axes in the Figure, but corresponding "realworld 
values are also shown on the opposing axes. The "distortion number" N D is 
given by 

Nd = n b kzT 

where F = (Y~l) ( n ~l) a 

Y p 

and y indicates the specific heat ratio. Nd is directly related to laser beam 
fluence Ob = ItT and, numerically, 

Nd = 2.826 Ob(n-l)kz(ap G / p) M 

when Ob is expressed in J / cm 2 and a, k and z remain in cm units. 

Atmospheric pressure is p 0 at sea level, so 0 0 a/p is proportional to the heat 
per molecule absorbed from the laser beam. 

G is the exponential gain in nepers, so that ripples at the end of a zone of 
thickness z have experienced a gain e G [not e z ]. This is an important 
distinction because the dimensionless quantities k, N d and 'Tin the following 
expressions implicitly contain the z-dependence in the gain expressions. For 
example, in Eqn. [2], G = N D 1/5 k 475 Y 275 implicitly contains z 275 . 

With this preamble, the physics regions are summarized as follows: 

Re gion 1 : growth due primarily to acoustics, where diffraction is unimportant 

G 1 = 1.82Nq 75 k 4/5 ‘7 2/5 ^ 

Boundaries are - 0.398 and K i = 0.678 N^ 6 *! 1 73 • 


Region 2 : growth in the acoustic regime but with sufficiently large 
wavenumbers k that diffraction cannot be ignored. This is typically the 
regime occupied by the laser beam at sea level. 
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G 2 = 1.62N{/ 4 k 1/2 7 1/2 [3] 

N 1/2 

Boundaries are Ki, ^ = 0.758 (~~) and % = 0.604 nJ/ 6 k 1/3 . 

Region 5 : longer pulse times where growth is isobaric (constant pressure) 
rather than acoustic, and diffraction is not important. 

G 5 = 1.26N{/ 3 k 2/3 [4] 

Boundaries are % and k 2 = 1.189 Nj/ 4 . 

Region 3 : isobaric growth where diffraction is important. This is another 
typical region, particularly for ps- rather than ns-duration laser pulses. 

Here , G 3 = 1.41Nj/ 2 [5] 


Boundaries are T 2 , k 2 , T critl = and T crit6 = 1.41 (-^1) . 

~ sufficientl Y l° n g pulse times that wind shear becomes important in 
helping to wash out the index perturbations, this is important at higher 

elevations in our problem. Where dv/dz = v/z. 


G a 


1.41 


/Nd c s k \ 1/2 

V vT / 


[ 6 ] 


N d c 8% i/3. 


and the boundaries for this region are k 3 = ^ Jl+ln ( 


%:n\. 1 


N 


1/3 


%n,2 = 1-259 c, (-^-) tr - (< « 2/9 Nd 3c s 

K/ V ' ^ ■ 

^g* 013 B : region A with large enough k that diffraction is important: 

m 


G B - 


NdCs [i^)l 


KVT 


T 

■'crit 1 


with boundaries K 3 , T crit lx <r = ( — ^ 6 ^ p Cs \ [i . 1 / ^ \1 1/2 . 

cr " 4 ( wi and 

_/ N D c s\ 1/2 r ( T ,1/2 

“T.xr 3 ) l 
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Here, l is the scale of the largest atmospheric eddies, which are taken equal to 
the atmospheric density scale height. 

Finally, we have two regions in which negative gain is experienced because 
pulse times are long enough for either molecular diffusion (region 4) or 
turbulent diffusion (region C) to wash on, the refractive index gratings faster 
than they are created. 

g 4 = - xk 2< r 


and 


G c = - yK 2/3 T 


[9] 


with boundaries given by T crit 3/ 4/ ^cht 5 and T cri t 6/ with a vertical 


boundary * 4 = separating the two regions from each other. 

s l 


These expressions [as well as the boundary intersections] were incorporated 
into a computer simulation which determines, for each of the 13 atmosp eric 
zones and a particular selection of k ± and t , which region of the propagation 

physics to apply. 

Even with fixed laser parameters, Nd and £, change with each zone so the 
Figure 1 plot appears to shift horizontally and vertically from zone to zone for 
a particular pair (k, <1). Figure 2 shows how the same plot ^oks at height 
h = 69km, while Figure 3 shows a calculation for the same height but k 11. 

pm. 


In order to obtain a single point in the new calculations, 20 -3 0 iterations 
were necessary to find that combination of beam intensity lb and ripple 
wavenumber k ± which, for a chosen wavelength k and pulse duration t, gave 
li Gi = 30, as well as an absolute maximum versus variations of k ± . This was 
done for 5 - 6 values of x for each of 3 wavelengths we are still considering, for 
each our two customary site altitudes of 0 and 6 km. 


Figure 4 shows how net gain varies during a typical iteration sequence. 
Changes in gain are due to propagation in individual zones moving from 
one region to another in the propagation physics. Some of the zones 
encountered during the simulation are indicated. 

Figures 5 and 6 show the results for vertical propagation from our customary 
site altitudes of 0 and 6 km, respectively. The limits posed by STRS are no 
longer straight lines with slope 3 on the chart, a feature of Barnard region 2, 
where constant gain G implies Ibt 3 = constant, as in whole-beam thermal 
blooming. Previously, we took the atmosphere to be one zone with laser site 
level pressure and absorption coefficient appropriate to the wavelength. 
Thickness of the single zone was one atmospheric scale height. In the present 
simulation, tabulations of the actual laser absorption coefficient vs. altitude 
[Wolf and Zissis, 1978] were used to create 13 zones between sea level and 70 
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km altitude, each with thickness 1/a. Due to the variation of a, physical 
thickness of the zones varied from 1.6 km to 8.7 km. 

^ lG /^. ain * esson to ta ke h° me is that we now have more maneuvering room for 
the ORION laser at long pulse durations and low peak intensity. 

On each plot is also drawn two "target effects" lines. These are given by Eqn. [8] 
from §0, and represent the constraints of achieving optimum coupling on target 
as laser pulsewidth varies from lOOps to lps for two different mirror diameters. 
These diameters are: 

(1) The smallest feasible mirror which will avoid SRS. This mirror is 6m in 
diameter for 532 nm or [27 m] in diameter for 11.1pm, the two extremes of 
wavelength we are still considering. 

(2) A mirror which is twice as large in diameter as (1). 

Note that the larger mirror allows 4 times lower pulse energy W and 16 times 
lower peak intensity I b in the near field of the laser beam, [see Eqn. 9, §0] 

The reasons for this are straightforward: on the lower target effects line, a mirror 
of 4 times larger area A b is capable of imaging the laser beam onto a target spot 

times smaller area A S' g ivin g a factor of 16 intensification in the ratio I s /I b . 
At the same time, 4 times larger A b with 16 times smaller I b gives just 4 times 

of§0and§r W ' ^ Sl ° Pe ° f the line is “ °' 55 ' as squired by the analysis 

Finally, Figure 7 shows in more detail the variation of laser pulse energy W 
along the target effects lines corresponding to the choices Db = 6m and EX = 12m 
for all 3 laser wavelengths [532 nm, 1.06 pm and 11.1 pm] we are considering It 
can be seen from the Figure that, with these realistically-sized mirrors, the 
1 nu^ aVelen ? h automaticall y requires MJ to 100's of MJ of pulse energy, for 
technology^ 61 ^ S ^° rteSt P u * ses ' anc * these pulses are difficult to do with CO 2 laser 

Summary of our findings i n this section - 

• We have more maneuvering room than previously thought, for long pulses 

and low peak intensities 0 6 v 

• ^listfcsize^ 01087 rGqUireS huge pulse ener Sy when coupled with mirrors of 

• A green (532 nm) laser beam at 100 ps pulse duration with a 12-m-diameter 
beam director can couple effectively to targets at 1500 km range with only 340 

20kW ° f PU ^ ener§y ' A u 6 °J Hz pulse repetition rate would be required to give 
20kW average power, which is required to clear 1 - 10-cm debris in a 
reasonable time. 

References : 

Barnard, J. J. 1989 Appl. Opt. 28 pp. 437-445 

Research Washington^D^C ' ** ° ffiCe of Naval 
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Laser pulse duration (s) 






Pulse energy W vs. pulsewidth x for optimum coupling 
conditions on target at 1500 km range 
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TnPir 7 : GRAPHICAL MF.THon FOR PICKI NG YO UR WAY THROUGH THE ORIO N, 
PROPAGATION CHART 

In previous sections (see §5 and 6), we developed the ORION "Maneuvering Room 
Chart" in which the limits set by such effects as Stimulated Raman Scattering (SRS), 
Stimulated Thermal Rayleigh Scattering (STRS), nonlinear atmospheric index (n 2 ), 
optical breakdown and whole beam thermal blooming were portrayed. 

Those plots were presented as laser intensity in the atmosphere (lb) v s- laser pulsewidth 
x, following a suggestion by Reilly. This is, of course, nearfield intensity, because the 
farfield is typically 1 - 5,000 km distant for our problem. 

On these plots, we showed a dashed line labeled "Target effects" which shows wha, 
intensity is required in the nearfield to produce optimum target coupling in the farfield 
(based on experimental data) for the situation we were discussing. sltua 'f" „ 
involved some combination of laser wavelength X, range z, nearfield beam diameter D„, 
etc. The connection between these parameters and the Target effects line was the 
relationship developed in §0: 


i_n C(aN) rW Ca 
b ‘ T STl D 


[|] 2 

’b 


[ 1 ] 


where S is Strehl ratio, T is atmospheric transmission, a = 4/it, a - 0.45 and C - 2.3x10 . 

It was shown elsewhere that Eqn. [1] guarantees target ignition and optimum 
momentum generation on the target, more or less independent of target material and 
wavelength in the situations we are considering. As shown in Figure 1, a is an 
empirical constant derived from the laser coupling literature. It makes sense physica y, 
since cc=0.5 is the value one obtains as the solution of the problem of heating the surface 
of a semi-infinite slab to a fixed threshold temperature. Figure 1 also remmds what we 
mean by "optimum coupling intensity" or fluence. 

It is desirable to make a universal plot which permits the whole situation to be assessed 
graphically independent of special assumptions. To do this, we note that SRS and n 2 , 
and to some extent STRS, scale inversely with wavelength, and also that fluence <D b - Ib't 
is probably of more direct interest than I b , since the required laser pulse energy 
W = Ob^TtDb 2 /4) is directly related to hardware size and cost. 

For these reasons, we plot O b A vs. T, modifying Eqn. [1] to read: 


c^ T „ 

X ST 


[1A] 


where 




z s/X 
kD£/4 


[ 2 ] 


Figure 2 is a plot of the function in Eqn. [2], and a related function t, we will use in 
discussing cw laser effects later in this article. 
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Please refer to Figure 3 attached. Although the format may seem unfamiliar, the same 

data we published earlier is present, now plotted as fluence rather than intensity vs 
pulsewidth. 

Note the advantages: for n 2 , SRS, whole beam thermal blooming and, to some extent, 
STRS, the boundaries set by these effects lie on top of one another for X = 0.53, 1.06 and 
11.1 pm. For the first time, we have come up with a universal plot for computing 
ORION propagation that is also easy to use. 

Here's how to use the attached plots 

In the first place, note that wavelength is normalized to 1.0 pm, Db to 1.0 m, and range 
to 1000 km (1.0 Mm) in the plots. Furthermore, we still have 3 assumptions: 

• Strehl ratio S = 0.5 


• Atmospheric transmission T = 0.85 


• Laser repetition rate f = 100 Hz (not important until step C below) 

1. Going from problem parameters to optical system parameters: 

A. Determine £. Figure 1 allows you to do this in the normalized units, for easy transfer 
to the universal ORION propagation chart. Figure 3. 

Please note that Eqn. [1A] works out correctly in cm and W/cm 2 , but that I have done 
the numerical conversions involved in the normalized units for you in going between 
the charts (The parameter t, in the charts is the real £ + 100). 

B. In Figure 3, interpolate between the £ lines until you find yours. This line gives you 

required laser fluence vs. pulse duration. ° 7 

C. In Figure 4 since you have picked a mirror (beam) diameter Db, and you now know 
fluence, find pulse energy and laser cost. 


2. Going from optical system parameters to problem parameters: 

A. From Figure 4, pick a Db and a laser pulse energy, defining <J>b- 

B. In Figure 3, enter your laser pulse duration and determine £. Figure 5 gives the same 

^ SU ipQ? r a > h , al ^ de site: Figure 5 shows ' for 6km, a very slight improvement in 
STRS 1 ' 3 S lght y greater increase in th e n 2 limit, and a substantial increase for 


C. In Figure 2, find what range you can access with that mirror diameter and 
wavelength choice. 


In the example shown as Illustration 2, a 1.06 pm laser with lOOps pulsewidth and 100 I 

FOr ,'o e illustration ' a 3 5 - m mirror diameter is chosen, like 
ha a h f u e ? pt,cal Ra ” 8e ' Fr ° m Fi S ure 3 ' find 4-b = 0.001 J/cm* and 
F-n m 1 t?" HZ n aSer w ‘ th ‘ hlS ca P abili, y should cos t about $10M. From Figure 2, we find 

hv the u F h° ( n F ‘ 8 T 2 « h ! S c ° rres P onds lo a range of 230km, an altitude easily attained 
by the Shuttle, and sufficiently high that the Shuttle orbit decay time is many years 

l etime at 230 km for 10-cm, 1-kg, spherical targets that could be deployed by die 
Shuttle would be about 180 days. F 7 y 
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rw Laser Chart 

Tn closine it seems reasonable to see if we can develop a cw laser analog to Figure 4. T e 
only purpose of such a plot is to facilitate range calculations. None of the effects shown 
in Figures 3 and 5 lim/propagation except whole beam thermal blooming, and these 
charts are not appropriate for assessing that effect with cw lasers. 


With the parameter 


the cw version of Eqn. [1] is: 




TtDj /4 


[2A] 


P = 


nDl I 


4 ST 


s ^2 


[IB] 


In Eqn [IB], I s = lkW/cm 2 is the fixed intensity on target which data by O'Dean P. Judd 
and calculations by J. P. Reilly show is appropriate for optimum cw target coupling. 

As in the pulsed case, the parameter C can be looked up. Tire only difference between \ 
and C, is an additional VX on the vertical axis of the lookup chart. Figure 2. 

Figure 6 shows the resulting cw laser power and laser cost, given by J. P. Reilly s cost 
algorithm. 

Elsewhere, we have shown that optimizing system cost gives a n f rf ‘ eld I^Tm ra™ge ' ' 
D h for the (1.3-um) cw iodine laser case which varies from about 4.5 m at 400 km range 
[t= 0.03] to about 7.5 m at 1500 km range [( = 0.044]. Bear these figures in mind w en 
reviewing Figure 6. They are totally consistent with power levels and costs given 
final Figure of §0A (rev 1) which was distributed during the Holidays. 
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Coupling Coefficient C m (dyne-s/J) 


Short pulses give optimum coupling at lowest energy 


Laser Parameters for optimum momentum couplina 
(48 experiments, UV-IR, all materials) 



What Optimum Coupling Intensity Means 
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Universal ORION Propagation Chart 



Laser pulse duration (s) 














Laser Pulse Energy (J) 



Laser Cost at f=100Hz (FY95$) 








Universal ORION Propagation Chart 
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Topic 8; The produc t TA / m in orbit, depending on orbital elements 


David Spencer provided the following table of the product T A/m of orbital lifetime and 
area /mass ratio as it depends on orbital elements from his "Lifetime" code. 


C. Phipps also calculated the pv 2 pressure expected on a circular orbit from the mean 
density represented by the CIRA 1972 Standard Atmosphere [COSPAR, 1972]. Agreement 
with the mean values for circular orbits provided is good. The main sources of 
departure from the mean lifetime are solar min/max effects on the atmospheric density. 
Changes in elhpticity up to 0.05 (the largest we consider) are a relatively smaller effect. 

Figure 1 provides h p vs. TA/ m, which is one of the main pieces of the nomograph 
puzzle required for assessing laser requirements in the ORION project, others being: 

• Av a vs h po (see attached figure) 


• Incident laser fluence O inc vs 2|V ai ("momentum coupling coefficient" section) and 

• <*>inc vs on-the-ground laser parameters, from considerations being generated by other 
members of the ORION team, as well as limits posed by Stimulated Raman scattering 
and nonlinear index in the atmosphere (§4). 

altitude 6 alS ° attached 3 figUre showin g how the atmospheric scale height varies with 


References: 


CIRA 1972 [Committee for the COSPAR International Reference 
Group 4] Akademie Verlag, Berlin 


Atmosphere, 


Working 


Allen, C. W. 1973, Astrophysical Quantities, 3rd edition, Athlone Press, London 
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How much difference does it make if the impulse is applied incre- 
mentally instead of in one impulse? At perigee instead of apogee? 


In §8, we computed the Av required to lower the perigee of objects in elliptical orbits, 
assuming the velocity change is applied in a single impulse at apogee. 


Where total energy 

H = V + E 

[1] 

Potential energy 

y GMm 
r 

[2] 

Kinetic energy 

E = m v 2 /2 

[3] 

and since 

r a- r p 

e 

r a+r p 

[4] 

Then 

Ir GMm 

ri = 

2a 

[5] 

is related directly to the semimajor axis 



a = (r a +r p )/2 =r a /(l+e) 

[6] 

and [1],[3] & [5], [6] give 

r2 _ GM(l-e) 2GMr p 

r a ” r a ( r a +r P ) 

[7] 

Differentiating [7] gives 

d ( v a 2 ) _ /2GMw( r a +r p) - r p . 2GM 

dr P r a ' (r a +r p ) 2 ( r a +r p ) 2 

[8] 

But of course 

d(-) 

d ( v a)_ m 2 ' 2p a dp a 2v a dp a 

[9] 


dr P dr P m 2 dr p ’ m dr p 


and equating [8] and [9] 

gives 



^Pa m GM 



dr P v a (r a +r p ) 2 v /2r p (r a +r p ) 3/2 ’ 

[10] 


whol , e e f ercl3e “ integrate [10] in order to determine how much 
total momentum, applied in a senes of increments, is required to obtain a final 

asfdl ow Ue rpfinal ’ Starting with initial or bital parameters r ao and r^. This is done 


218 



7:34 PM 


E p ai = m 

i = 1 


GMr 


ao 


r pfinal 


p° 


dr. 


[( r p) 1/2 ( r a +r p 3/2 1 


The integral tables give 



[111 


[11a] 


as stated in the “orbital mechanics” viewgraph. 

This is of course the best possible situation: that velocity increments can always be 
applied at apogee. Nevertheless, since we have discussed the fact that it is desirable 
to build a laser large enough to bring down many of the small objects in just one 
overhead apparition, this is a useful case to study. Note also that, to compensate for 
the favorable assumption, we have ignored the effects of drag during the laser 
application sequence. 

Now, let’s see how bad the worst case (Av applied at perigee) really is. 


Eqn. [11a] is symmetric with regard to exchange of subscripts. For application of Av 
at perigee, the relevant expression is: 


n 



i = 1 



[ 12 ] 


Figure 1 following is a plot of Av a required if applied as a single impulse. 

Figure 2 attached is a plot of Eqns. [11a] and [12], and it is readily seen that 

• There is not much difference between applying Av incrementally and as a single 
impulse. 

• It is much harder to drop the apogee by shooting the debris at perigee, than the 
reverse, as we claimed in §7. As an example, consider these two cases. 

1) The case h ao = 1000 km, impulses applied at apogee (red solid curve). Choosing 

hpo = 500 km, we read Av = - 82 m/s off the graph. 

2) The symmetrical case h p0 = 500 km (green dashed line). Choosing h ao — 1000 
km, we read Av = - 218 m/s off the graph, 2.65 times greater Av this way. 

• It is clear that real cases will fall somewhere between these extremes, if we have 
no knowledge of the particle’s orbit or no convenient access to its apogee. 

• Av = —338 m/s will bring down everything below 1500 km, given h p = 200 km as a 
definition of success. 
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Velocity change applied in a series of increments 
to reach 200 km final altitude, vs. initial altitude 



I = T 

(s/ui) kv 2 

'll 
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me Product TA/m in orbit, depending 

on orbital elements 


1E+14 


1E+13-i 


C. Phipps calculation for e=0 orbit based on CIRA 
1972 std atmosphere ^500 km & C. W. Allen above 


Kirvg-Hele e=0.Q5 
(e.g. 1000x300km) 
King-Heie 


Spencer computa- 
tions using “Lifetime" 
code for several eccen- 
tricities beginning at 
solar min 1/1/99 
(eccentricities noted 
for selected points) 


- 1 E+6 


JrlE+5 



1E+4 


1E+3 


1 E+2 


Perigee altitude h p (km) 
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TOPIC 9: Active opt ical Acquisition and tracking using the pusher 

LASER AS ILLUMINATOR IS A VALID OPTION “ 


Executive Summary 

We summarize the case for active 
optical acquisition and tracking, that is, 
using the pusher laser for acquiring 
targets instead of just identifying and 
ablating them after handoff from a 
radar. With 30kW laser average power 
and a 10-m diameter transmit/receive 
mirror, high-albedo Lambertian targets 
as small as 1.5cm can be acquired at 
1500km range, while still searching the 
whole sky in 2 years. 

However, it is not necessary that the 
receiving mirror have the same high 
optical quality as the transmitting 
mirror, which can be colocated with a 
much larger, low-quality receiver. In the 
example we will describe, a 20-m 
receiving mirror is able to acquire even 
dark (R=0.3), 1.5-cm debris particles 
(the smallest we need to find) at 1500 
km and search the sky in 2 years. A 
high-quality, 6-m diameter mirror is 
adequate for the beam transmission 
task, and close to optimum size. Many 
targets will have narrow reflected beam 
profiles (such as sheet aluminum) and 
will be spinning, so will be easy to 
acquire when they point in the right di- 
rection, but very difficult otherwise, for 
any acquisition and tracking technique. 

What are tbe requirements? 

1 . We would like to acquire and track 
debris targets with R >=0.3 and d>=1.5 
cm at h < 1500km. 

The distinction between altitude and 
range is not too important since the 
higher, smaller targets can be pushed on 
radially to reduce their perigee, even 
though that is less efficient, because 
they are small. 

2. We would like to scan the entire sky 
in 2 years or less. 

3. We would like to do these things 


Table I: Glossary 


Svmbol 

Definition 

R 

Target Bond albedo: reflectivity into 2k sterrad 
(a hemisphere of space) 

z 

Target range. Always equal h in this analysis. 

Dr 

Receiver mirror diameter 

Dj 

Transmitter (beam director) mirror diameter 

A 

Target area (cm 2 ) 

d 

Target effective diameter (cm) 

S 

Strehl ratio 

T 

Atmospheric transmission 

W 

Laser pulse energy (J) 

P 

Laser average power (W) 

T 

Laser pulse duration (s) 

C 

Speed of light (cm/s) 

d s 

Laser spot diameter at the target 

A s 

Laser footprint area at target = rcd s 2 /4 

a 

Laser footprint solid angle = 7td s 2 /4z 2 

i 

Peak intensity (W/cm 2 ) at some location 

lopt 

Peak intensity for optimum target momentum 
generation per incident joule of laser light 


Duration of ORION mission (s) 

q 

Number of targets in a specified altitude zone 

V± 

Apparent target speed across the field of view 

fl 

Repetition rate during 3-pulse (Hz) acquisition 
burst 

h 

Laser pulse repetition rate (Hz) 

Re 

Radius of Earth (6378 km) 

h 

Target altitude 

he 

constant = 1.988E-23 


without investing in a high quality mirror larger than the ideal 6-m diameter transmitter. 
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How do we de t 01 * 1 "* 0 ** y survey time and search spot size? . 

In acquisition mode, spot size at range d s is not a free parameter, but depends on t m , D b , W, q, v±, f, h 
and other parameters including producing t he minimum necessary number of detected photon s trom 
the minimum interesting target, as well as covering the entire sky in an acceptable timg , thiough 
relationships set physics and by a search strategy . 

Strategy : with uniformly distributed targets having uniform number density per sterradian, the best 
strategy for detecting a fraction (1 - 1/e) of them is a random search pattern which totally covers 
every spot in 4 K sterradians of sidereal space in time t m , with a dwell time in each laser footprint s 
just long enough to detect the target (if present) and make a track. The protocol used for searching 
may be a picket fence or bowtie pattern as Reilly suggests in his recent memorandum, or a spiral or 

other pattern. 

Almost all the time, a search laser of reasonable pulse e nergy w ill be looking at empty space . 

Figure 1: Probability of finding any 1-20-cm Debris Particle beneath the altitude h and with d s 

illustrates this fact for various debris altitudes, with basis for the calculation shown in the inset box. t 
is assumed that the only targets under 300km are 10 test targets deliberately placed there for the 
ORION demo. It will be noted that, for the existing population, a search spot as large as 100km is 
required to have a high probability of including any target larger than 1 cm. This is important, 
because it says that, most of the time we will fire the laser, not get a return, and move on. This fact 

makes it simple to compute ORION Sky 
Survey Time (Figure 3), since dwell time 
will be limited to the time it takes to 
repoint the laser beam. Plotted is the 
expression 

d s = 

How do we know how many targets there 
are? Figure 2: Estimated LEO 
Statistics is an estimate based on infor- 
mation provided by Drs. Don Kessler, 
NASA/JSC and David Spencer, USAF/ 
Phillips, as well as other sources, which 
shows that it is reasonable to assume 
about 150,000 total objects in the critical 
1.5 to 20-cm size range below 1500 km. 

It is important to remember that, while 
error bars are probably a factor of two on 
these points, error is not accurately 
known because the debris number in this 
size range has only been sampled, in the 
Havstack campaign . In addition, at any 
time, another COSMOS event might 
release 70,000 more objects into LEO or 
a collision of large, “dead” objects might 
occur. The number of targets at various 
altitudes used in Table II and in Figure 1 
is derived from this Figure by proportion- 
ing this total to the reported flux at 
various heights. 
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Table II: Assumptions for Acquisition 


Pusher laser wavelength 

1 .06 pm 

Minimum interesting target 

d = 1.5 cm 


0.85 

S 

0.50 

R 

0.30 

Target number density 

uniform over An (worst case) 

Target vi direction 

random (worst case 
assumption) 

v± 

7.7 E5 cm/s 

q(800km<h< 1 500km) 

150k objects 

q(300km<h<800km) 

40k objects 

q(h<300km) 

10 objects (deliberately 
inserted for demo) 

tm 

6.32E7 s (2 years) 

Array quantum efficiency 

20% (J. P. Reilly) 

Detector quantum efficiency 

65% (J. P. Reilly) 


Figure 3: ORION Sky Survey Time (a correction of an earlier chart of the same name you have 
received) connects search spot size, target altitude (here z rather than h) and laser rep rate f to the 
time required to search the sky. 

TTiis Figure is used as follows: enter the Figure with an acceptable sky search time in years. Follow in 
the direction of the dashed line to the line for the laser rep rate, then down to the range, then back 
across to the required spot size. It will be seen that spot sizes of the order of 10km are necessary for 
reasonable search times. J 


Figure 4: Photons received calculator, identical to the one you received earlier (except that S = 1 
tor floodlight beams), shows that, if you use spots that large, you will not receive enough photons for 

detection except for big, bright, close targets. 


This Figure is used as follows: start at the top left with spot size, turn downward at the line for target 
range and obtain the chart output from the bottom left axis (photons per kJ). The parameter D b dVR is 
the product of the mirror diameter D b (here assumed the same for transmitting and receiving) in 
metere, target diameter in cm and the square root of its Bond albedo. For a 5-m mirror looking at an 
1.5-cm target, D b dVR = 4 is the correct line to follow. Then, a 10-km spot size for a target at 
1500 km would return only 0.004 photons per kJ, that is, a 2.5-MJ pulse at the ground would te 
necessary to get a 10-photon return! 


More realistically, if we use a 6-m mirror, W = 30kJ and 4-km spot size in the longer-term system 
photons 631 SeafC ^ time ^’ ^ en at R = 0.3, a debris target must be 4.5 cm in size to return 10 


Calculations such as this have been discouraging in the past. 

w<? h » v * two mirrors - closely colocated - a small one with high quality to 
t ansmit and receive, and a much larger, very low quality mirror surrounding that to receive the 
returned photons, to take the place of the radar system. 
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Figure 5: Average Laser Power Required to Receive 10 photons per shot and Search Sky in 2 
years shows the Average power P = f 2 *W required to meet thes critena simultaneously, vs. target 

altitude. Two dashed horizontal lines show: 

• The cutoff in detectable actively illuminated targets if we limit P to the 30kW required to bring in 
all the debris below 1 500 km in 2 years is DrcWR = 15 m-cm. That is, a 20-m diameter collectg r 
seeing a 1 .5-cm particle with Bo nd albedo R = 0.25. 

In other words, active laser acquisition will work with a 20-m, low quality collecting optic. 

• The D R dVR cutoff if we were to use 3MW average power [a power level dictated by generation of 
useful thrust at range with a CW laser] - and dwell long enough on each spot to g enerat ethel0 
photons - is 10 times smaller. However, for CW acquisition, we can see that more received photons 
are required compared to the pulsed illumination case, since the target is moving and it is a streak that 
we must create rather than just a dot on the focal plane array. 

The spot size d s can be read off Figure 4, where it is seen that a search spot of order 4km is correct to 
get back 10 photons from a 30-kJ pulse. For the CW case, the target moves 77m per 10ms interval 
during which the 3MW laser will also deposit 30kJ. If a 1 000x1 000-pixel ma nx is imaging a 4-km 
spot at range, the target streak will be 20 pixels long, and 20 times as much illumination is required to 
provide defection as in the pulsed laser case. The CW laser certainly meets this requirement with 100 
times more photons. However, there are concerns with thermal blooming, beam quality and target 
interaction. We will not analyze this case further in this memo. 

Average power P is independent of search spot size d s . Figure 5 results from combining the two 
equations 



CN 

+ 

~\J 

II 

[2] 


She r d s h -i 2 

[3] 

and 

W_n ' 1 ''T 2 x[D R <yRJ 

to give 

„ / n d e, \/8/tCx r[4(R E +h)h-i 2 

“ t t m Jt T V L D R d/R J 

[4] 


The parameter d s contains the information about Dt, and affects the repetition frequency f 2 which is 
necessary through Figure 3. 

In Table III, we outline the parameters for three standard active laser acquisition and tracking cases 
which will be discussed in the following sections. 

Figure 6: Composite transmit/receive mirror site shows how this concept would work. 

The only purpose of the 20-m receiving mirror is to provide enough photons to register that a debris 
particle is within the field of view, and tell the steerable high quality transmit/receive mirror in the 
center how to point its field of view, which might be 30 times more narrow. Again [Figure 1], most 
of the time, nothing will be seen. At 1 Hz, with d s = 4km, the target detection rate at 1500 km 

vertical range will be 8 per hour. 

It would be advisable to bury such a big mirror permanently in the earth, like the Hobby-Eberly 
Telescope (9 meter effective aperture, f/1.45) in Texas. Like the Arecibo radio antenna, that 
telescope is pointed, not by moving the mirror, but by moving the feed in 1 degree increments and 
then letting the Earth’s rotation do the rest of the steering. Composed of 91 hexagonal segments, this 
is physically the world’s largest primary. Yet, the total construct ion cost for this device is just 
$13.5M . A Gregorian secondary corrects spherical aberration. 
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T able III: Satisfying Co n straints for Pusher Laser Target Acquisition 



Demo 

W K' Ml V TI* AlVi 

WUU1MUUI1 

Longer-term** 1 

Altitude h (km) 

300 

300 

500 

800 

800 

1500 

Target diameter d (cm) 

1.5 

3 

2 

1.5 

1.5 

1.5 

Receive mirror diameter Dr (m) 

3.5 

3.5 

1 


20 

20 

Bond albedo R 

0.3 

1E4* 

0.8 

0.8 

0.28 

0.28 

D R dVR 

2.9 

1.1E3 

8 

6 

16 

16 

Laser pulse energy W(kJ) 

1.4 

1.4 

9.8 

9.8 

30 

30 

d s to return 10-photons from target (km) 

0.8 

330 

3.6 

1.6 

30 

4 

Actual spot size d s used (km): 

0.8 

30 

3.6 

1.6 

3.3 

4 

Rep rate f 2 to search sky in 2 yrs (Hz) 

15 

0.01 

1 

5 

1 

1 

Laser average power (kW) 

21 

0.014 

9.8 

50 

30 

30 

Number of targets q (< h) 

— 

10 (TEST) 

— 

40E3 

40E3 

150E3 

Detection rate for these targets (per hr.): 

— 

N/A; LOC. 
KNOWN 

— 

2 

2 

8 

Actual photons received: 

T* 1_1 _ ITT 

10 

670 

10 

10 

50 10 


* is covered with comer cube arrays (fused silica bicycle reflectors) with 1° beamwidth 

Parameters in these columns differ from those for the ORION final report Longer-term Option 

Table III shows that a 30kJ pulse at 1.06|im incident on even a very dark, 1.5-cm target can return 
the minimum required signal from 1500 km, and a quite adequate signal from 800 km. A 100-photon 
signal would be obtained if the 1.5-cm target at 800 km altitude were bright rather than dark. There 
is not room in the Table to show all cases, but repeating the last column on the right with a 20-cm 
target gives 8,900 photons. 


Figure 7: Photons received for several cases vs DndVR treats cases given in Table III. 

Our 20-m receiver would have very low optical quality compared to the Hobby telescope, and should 

•>h Tirf r ^ ^ surface f, g ure of or der 10 waves per 10 cm (100 prad) would be sufficient 
with a 30x30 array of 2-cm image spots covering the 3-mrad field of view at the mirror’s 100-m 
locus A suitably small image of this array to match an array of single photon detectors can be 
mfrrlf™ i!. kf h P ? Wer ?*¥ W1 , th ° ut violating the etendue theorem. Segments of such a low quality 
mikhinJ replicated cheaply by machining, single-point-diamond-tuming and mechanically 
p shmg. The reflective coating could be applied chemically - like your bedroom mirror - or bv 
vapor depositing aluminum on the vacuum furnace conveyor belt at PPG Industries. 

?lf jf/r 1 !* Wgl1 ft cheaper to create this mirror site than to use radar for arqnUitinn 
fh f ,y i” Q ***. i? 9W th<? to t^ gost Of the si te could exceed $ 15M. based on thedost of the Hohhv- 
Eberly telescope- This compares well t o the $80M estimated cost of reproducing Hav<fart~ 12 
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Now, we review detection of a moving target against a fixed background of stars (Figure 8). 

If a target is found in the field of view. 



Target Track 
across detection 
Target Return field of view 

Useful Area 


Figure 8 


making a reliable track requires getting 3 
returns within the footprint (Figure 1), in 
order to establish present location and 
vector velocity well enough to provide the 
instructions needed to center the footprint 
on the target when the transition is made 
from acquisition to tracking mode. 

Only rarely will this be necessary -on the 
rare occasions when a target is present and 
then only during the first few shots 
necessary to establish a track. So, triple 
pulsing will not affect average laser power. 

The two corresponding pulse formats are 
illustrated in Figure 9. This concept first 
appeared as Fig. 1 of §10A in October 95. 

From the formula for the fractional area of 
a circle enclosed by two parallel chords 
[Eqn. 5], we can determine that 99.3% of 
the detection footprint is “useful area” for 
track assembly purposes using our 
strategy, when b m i n /d s = 25%. 


1 s 


*65 ms -H 


3 pulses 30 kJ 
at 15 Hz (fd, 
repeated at 1 Hz (f2) 


target motion as fraction -*i2.5%-*| 
of field of view : ^ — 25% 


A) After a target has been detected 


1 s 


1 pulse 30 kJ 
at 1 Hz (f 2 ) 


B) When no target has been detected (99.8 % of the time) 


Figure 9: Pulse Formats for the Longer-term ORION Option 




[ 5 ] 
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Combining this prescription with a strategy requiring that we always have 3 returns within the 
window, constrains the burst pulse rate to the value given by: 


< 1 ^ 


10 Vi 


[ 6 ] 


for at least as long as one burst of 3 pulses. In the example shown in the Figure, this is 15Hz. 

Signal to Noise ratio in the Daytime 

repealing* his Sf h^ 5 '^ of signal 10 noise ra,io in his rece "« and there is no point in 

The only important differences in our analyses are these: 

1. The specific cases he considered were limited to 3kJ pulse energy and a 3.75 m diameter collecting 

- 20m - 

2 ' U$ f has 005pm bandwidth. I had assumed a bandwidth given by the time 

bandwidth product of the laser pulse itself: for 5ns pulses, AA= 7E-7 pm, about 5 orders of 
magnitude smaller than 0.05pm. 

3 wVh m'nrh h °h Slderatl ? n *° c° nsiderabl y smaller spot size at range, Reilly necessarily comes up 
i • , , l f ^ rec l uencies ’ like 1kHz, in order to cover space in a year or two This 

tran^i^ ° ^ ^ Very difficult beam directoracceleratLs and 

nsmit/receive interference. Our repetition rate is typically 1Hz, except when a target is detected 
Then, one or two triple-pulse bursts of 15Hz are needed. Our selection of laser and team director 

£TSCr avejust 30kw average laser power ’ the same level » to =ve 

firrsTh d a?thn^h e T h a A naiT0W Pa$S l filter? combi ning commercially available interference 

WWCh haW M “ Sma " aS 7E ' 5 ^ with a singie Fab„. 

t ^t’ at r ?° es ^ a ? C , t eii?! hing s 'g nificant > except that one still does not have to worry about signal 

^•S"sS!e°s ( SBR> eVen dU ™ 8 ,he day " ‘ he C3Se h -‘". » oneTo n 8 o,t 

thalf Re i llv’ ’ mportant ? Becaus e we consdier (D R d s ) products which are as much as 180 times larger 
than Reilly s, giving up to 4 orders of magnitude more background signal which depends on the 
square of that quantity, so it is good that we have more background rejection P 

The bottom line is this: in both cases, SBR can be ignored even in the daytime and SNR k 
t mrnna e y rea out, or electrical, noise. Since our signals are about the same, our SNR’s will be, 

^^ir m0randUm W “ h “ mi “ riX SUmmarizin 8 ,he case for ac{lve laser acquisition and 
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Probability of finding any 1-20-cm Debris Particle 
beneath the altitude h, and within the circle d s 



Spot Size at Range d s (km) 




Average Laser Power Required to Receive 10 
photons per shot and Search Sky in 2 years 


< -fe 

o S 


CL S 





Spot size at range d s (km) vVhole sky search time (years) 







Photons received per kJ transmitted s P ot size at range d s (km) 


Photons received calculator 


IE-4 


IE-3 


IE-2 


IE-14 


1E+0 


1E+1 


1 

inf 

1 i i i 1 ? ii 


- 

j j ! i 1 \\ 


- 

! ' j : | : 

1 1 j 1 1 1 i 
I 1 Mill 

1 II 

i lr 

: f 

rTTTTTT 

lllllll 

: i i i i ] 1 

i ! ii 

rtl 

|f 

: j 

| j III]; 



Example illustrated with dashed lineT^ 
700-m diameter footprint at 1500-km 
range and D b d R product of 4.9 m-cm 

(e.g., 6-m diameter mirror, R=0.3,and 
a 1 -cm diameter debris particle) gives 
1 photon received per kJ transmitted a 



■f- 1 z = 800 km 


z = 400 km 


z = 200 km hf 
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Active Laser Acquisition and Tracking Option 


Laser 

Search 
Wide 
Field of 
View 

Sensitivity 

[“ 

Assessment 

Operability 

Adequate 
Signal-to- 
Noise Ratio 

■ 


=> 

m 

d=lcm 
h=1500km 
R > 0.3 

WM 

Immediate 

Spin 

Orbit 

■1 

■9 

Limited by 

Photon 

Count 

d s =200m 


Parameters of Active Laser A/T System which Exactly 


Meets all Requirements 


Parameter 

Value 

Day/Night Operation 

Yes 

Transmit/Receive Mirror Diameter D T (m) 

6 

Acquisition Mirror Diameter DR(m) 

20 

Acquisition Detector Quantum Efficiency TIqe 

65% 

Laser Wavelength (|im) 

1.06 

Laser Pulse Duration (ns) 

5 

Laser Pulse Energy (kJ) 

30 

Laser Repetition Rate [search mode] (Hz) 

1 

Laser Repetition Rate [tracking burst] (Hz) 

15 

Acquisition Mirror Spot Size at Max Range (km) 

4 

Transmit/Receive Spot Size at Max Range (m) 

Variable 150 - 0.5 

Laser Average Power (kW) 

30 

Acquisition Mirror Type 

Earth supported, segmented, non- 

steering with moving feed 

Acquisition Mirror Surface Figure 

10 waves /10 cm 

Detector Notch Filter Bandwidth (nm) 

7E-4 
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D R dVR (m-cm) 
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Daylight Detection 






Composite Transmit/Receive Mirror Site 



Topic 10: Summarizing the adv antages of a shqrt-pul$e QRIQN system 
1. Recommendation 

Based on §1, we see that a low-cost system could be built with limited range [say 600 
km, just enough to protect ISSA] to begin the ORION program. It is important to 
start with an affordable demonstration system. 


What is the short-pulse system whkh we propps sl 


vv nai i& me v* wv g TsiA. 

Wavelength X, 

1.06|im 

Beam diameter in atmosphere Db 

4.2 m 

Pulse length x p 

100 ps 

Nominal range z 

600 km 

Pulse energy W 

500 J 

Pulse repetition rate f 

50 Hz 

Laser average power P 

25 kW 

Spot size on target d s 

27 cm 

Strehl ratio 

50% 

Atmosphere transmission T 

85% 

Product I b Xp 0 - 55 in atmosphere 

114 

Beam intensity in atmosphere lb 

36 MW /cm 2 

Beam intensity on target I s 

7.3 GW/cm 2 

Target effects product I s x p 0 ' 55 

2.3 E4 

Time to clear LEO targets <450km 

2 -3 years 

Cost 

$30M 


We believe the cost for such a system, if it employs the short-pulse option, could be 
built for $30M total, including beam director, computers and adaptive optics. 

As is seen from the ” lOOps” point in the attached Figure, the laser and transmitting 
optic combination just avoids SRS conversion and serious n 2 effects in the 
atmosphere, even at sea level, without being overdesigned. It is well away from 
STRS effects. Furthermore, at 6km laser station altitude, there is a substantial safety 
factor with regard to these effects. 

2. What are its advantag es? 

• Since the pulse energy is only 500 joules, it is a small laser. It is 30 times smaller 
than the LLNL "Beamlet". It does require special hardware, probably employing 
STRS/SBS cascade techniques, following the work of Pasmanik and others, to 
compress a nominal 20-ns laser pulse down to the required short pulse efficiently. 
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Photonic: Associates has references, including those of the Vavilov Institute and 
the U.S. work, showing how this is done. 

# , Ba f ed ,° n OUr ex P erience ' ^ win cos t a lot less to achieve 25kW average power 
(which is required for debris clearing in a reasonable time) with 50-Hz, 0.5-kJ 

fi^ S 'nQ an sa y' 1_Hz ' 25_k J pulses. The latter is a laser in the class of the 
LLNL Beamlet". In particular, our costing algorithm says that the 450-J laser 
ought to cost about 5 times less than the 15-kJ Beamlet laser. 

3. Scenario 

A 500-J, 100-ps laser coupled with this 4.2-m mirror could create substantial effects 
on a debris object. Taking target "B" of our debris matrix, for example: a 5-cm- 
diameter object with A/m = 20 at 600 km range, B would intercept 12.9J per laser 
pulse. Let's assume the laser is operating in the "hot-rod" mode, and can deliver 400 
pulses at 50 Hz in 8 seconds before it shuts down. With a C m of 7.6 dyne-s/J [best 
guess for this carbon phenolic material], 400 laser pulses give Av = - 16 m/s which 
should be easily detected by radar or other means. Note that this is about 10% of the 
input required to re-enter the target, depending on its orbit eccentricity. 


How effective is it on typical debris target "B"? 


Target material 

uculis larger d : 

Carbon Phenolic 

Target diameter d 

5 cm 

Target A/m 

0.7 

Target mass m 

28 g 

Absorbed energy per shot W abs 

14.4 J 

Coupling coefficient C m 1 

7.6 dyne-s/J 

Velocity change per shot Av 

- 3.9 cm/s 

Av in 8 sec burst @ 50 Hz 

- 15.6 m/s 


4, Recommendation 

It is recomrnended we give serious thought to this laser option, in order to obtain 
the lowest possible projected system cost which is consistent with an effective 

bybicin. 
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TOPIC Hi ORION DEMO 
Introduction 

In recent weeks, the outline of a possible near-term ORION demonstration experiment has 
emerged h is the purpose of this memo to summarize it. Participants in the d.cuss.ons have 
included Jim Reilly, myself, Bob Fugate at Starfire Optical Range, and Herb Friedman, John 
Murray, Lloyd Hackel, Brent Dane and Jerry Britten at Livermore. 

Laser Equipment 

Originally, Lloyd Hackel and Brent Dane were to deliver an illuminator laser and Herb 
Friedman a sodium guidestar to Bob Fugate. Recentlly, to support the effort in Bosnia cuts 
were made in Fugate's program by which Friedman's guidestar will not be funded and 
Hackel's illuminator will be completed (since the money is already sunk) but not delivered. 

These decisions could be reversed. 

Here are summaries of the two laser systems: 

Laser Wavelength Pukelength Pulseengrgy Reprate Pqw£1 

Guidestar 589 nm 150 ns 6.7 mj 30 kHz 0.2 kW 

Other parameters : Smaller version installed and operating at Lick observatory. 


Laser Wavelength 

Illuminator 530 nm 


Pulse length Pulse energy 

10 - 700ns 120J 


Rep rate Power 

10 Hz 1.2 kW 

(20-s, 30 Hz burst 3.6kW) 


Other parameters : Output aperture 50 cm 2 . Uses phase conjugation to get 
beam quality. Output (optical) frequency stable to 25kHz. Four 30-J beams, 
beam combination in a nonlinear cell. Cost, new and installed: $4M. 


diffraction limited 
SBS wavefront 


This laser would be run at 1.06pm wavelength in our application. 


Starfire modifications 

To do the demo, Fugates's telescope would have to be modified. 

There may be more, but the modifications which are easy to anticipate are in the 25-cm 
diameter part of the train having to do with tolerating peak laser intensity, or beam transfer. 

1. Corrector plate 

In its present configuration, the beam comes to a real focus in air. This can't be tolerated in 
the demo, because the laser would cause a spark in air. A 25-cm corrector plate (a lens) 
would be installed adjacent to the secondary or tertiary mirrors to solve this problem. 

2. Mirror HR coatings 

Parts exposed to laser flux in the 25-cm diameter part of the beam need to be recoated with a 
high intensity HR (high reflectance) coating. This statement includes an estimated 4 flat 
turning mirrors and the 1000-element rubber mirror. The latter is difficult, because it is a 
thin membrane which must be epoxied to the actuators before final finishing and coating. 
The solution is the room-temperature sol-gel coating process. This is a good and 
inexpensive approach even though it involves up to 23 layers. Furthermore, if damage 
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occurs, sol-gel coatings can be stripped and redone fairly quickly. Jerry Britten at Livermore 
routinely does this and already gets l/10th wave surface figure. If the parts were dipped for 
each coating at slightly different azimuthal angles to the liquid surface, the l/50th wave 
irregularities would add up to quite a bit less than l/10th wave in 23 coatings. 

HR costing damage threshold requi rements for 25-cm diameter beam at inns- 

Pul$g e nergy Surface area cm 2 Pk Intensity Averag e Power * * Avg Intensity 


120 45° mirrors: 690 

120 AO mirror: 490 


3.5E7 W/cm 2 3.6 kW 

4.9E7 W/cm 2 3.6 kW 


10 W/cm 2 
15 W/cm 2 


Assuming 2:1 peak to average ratio, 10 ns pulse 
During 20-second, 30 Hz burst and 2:1 peak to average ratio 


Lowest damage thres hold of sol- 
Pk Intensity * 

1.1E9 W/cm 2 


gel HR coatings unde r above conditions: 



5E3 W/cm 2 


In short- there is no problem with either the CW or the average power levels anticipated. 

I he mirrors do not have to be rebuilt, just recoated. 

notnow Cn ^ Were taIkin§ ab ° Ut USing 10 °' PS pukeS ' there mi 8 ht have been a problem, but 

H PW tQ demonstrate acquisiti on and pushing 

Exotic Coupling Coating s 

So how is it possible that optics only twice the size of the beam at the target which we wish 
to damage, will not be damaged? 

There are two reasons: First, damage intensities for high quality HR coatings are from 4-10 
times higher than for common materials. ° 

Second we want to make the demo target "cooperative" by designing in the very best 
properties from our point of view. There are several specialized coatings which will 
generate good thrust well fcfilow the plasma formation threshold. 

recentl y do *\ e a number of calculations on such materials which show that, for 
example, arsenic should generate very good thrust at an intensity nearly 10 times below that 
for plasma formation, just due to intense vaporization of a low boiling material 

Furthermore, measurements I did several years ago on another low boiling material 

threshold &aVe Simi 31 feSUltS: Cm = 33 dyn6 ~ s/J for intensities 5. times below plasma 
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low orbits with l ong Lifetimes 

It is important to minimize target altitude, both because we 
want the Shuttle to be able to insert the objects, and because 
we want to minimize range for an easier demo using a low- 
energy laser. An additional reason is easy acquisition, using 
only active optics, that is, the same laser. 

A quick glance at the lifetime graphs of § 7 shows that it is 
not easy to get a significant lifetime together with an orbit 
altitude of even as low as 300km. A value of A/m of 0.05 
cm2 j g iiig ram direction is about as much as we can take. 

Assuming this value, the Table shows what lifetimes you 
can get, and indicates that 300km is the minimum altitude 
that makes sense. Eccentric orbits would last longer, but would create a real debris hazard to 
objects already in orbit. Not to mention the added difficulty of creating such an orbit from 

the Shuttle. 


Max /Min 
Lifetime(davs) 

Orbit (kml 

4/4 

200 x 200 

16/8 

250 x 250 

40/10 

200 x 480 

100/35 

300 x 300 

160/40 

200 x 900 


pieaseseeJEifiuieL It is a joint Photonic Associates/New England Science & Technology 
invention which satisfies all the requirements. The plan would be for 10 of these targets to 
be dropped overboard from a getaway special package on the earliest available Shuttle lg . 
In a Getaway Special, a 2 cu. ft. box is permitted, and one wire to a switch which the 
astronaut only has to flip early in the mission. Many people have launched small satellites 
7 that way. The cost is about $75k. Target parameters 

are summarized in the Table at the left. 

This target shoud respond magnificently! 

Effects which we can demonstrate with this target 

The Figure 1 target has several other useful aspects: 

1. With alternating black and white fins which also 
alternate coupling coefficient from high to low, the 
laser beam will cause the target to spin at a high rate 
at almost any incidence angle. This solves any 
difficulty which might exist in measuring changes in 
range rate with a relatively long laser pulse. 

2. The high-density ring at the front (this could also 
be a ball at the front, but the ring maximizes surface) 
moves the center of gravity well forward, so the 
device will have a controlled orientation parallel to 
the ram direction. 

3. The ring at the front also provides a separate 
mounting surface which will not produce plasma for 
damage-resistant fused silica "bicycle reflectors" 
imitating the common ones, particularly in having 
1-degree return beamwidth. Basically, this is an array 
of corner cubes. This device will automatically return 
the intercepted beam to the source independent of its 
orientation with a gain of 26.000 relative to an object 
with Bond albedo = 1.0. 


Parameter 

Value 

Nose mass 

52 g 

Tail mass 

36 g 

Total mass 

88 g 

Total cross-section 
facing flow 

4.6 cm 2 

A/m 

0.05 cm 2 / g 

Target beam 
intercept area 

200 - 400 cm 2 

Strehl ratio 

0.5 

Beam footprint 
on target 

200 cm 2 

On 

33 dyne-s/J 

Atm. transmission 

0.85 

Fluence on target 

0.6 J/cm 2 

Energy on target 

102 ]/ pulse 

Av per laser pulse 

38 cm/s 

Av per 20-s 30-Hz 
burst of pulses 

230 m/s 
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Here is what we can demonstrate: 

1. All-optical Acquisition and Tracking 

2. Spinning the target as a minimum 

3. Producing net momentum change 

4. Re-entry 
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Concept : 

Photonic Associates 
Northeast Science & Technology 
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ORION "Shuttlecock" Demonstration Target 

, t 

Total target mass: 88 grams 

Area to mass ratio: 0.05 

Lifetime on orbit: 60 days at 300km 








X QPIC 12; T»RF,f, methqps of ob taining ultra-short 1.06 |im laser phi^. 

Expem “ ei,her laboratOT * - «*•“» »f ~«ta* 

° f ^u Se met W® f f ature clever schemes to deliberately compress a longer pulse. Of these one 
hanrlwHt? n U f C ° f f a Jj olo 8 r aphic grating pair to passively compress a so-called ^chirped” large’ 
andwidth pulse of about 10 ns duration. The second compression method uses the physics of 

pro™Je^virmpSr 8 StimUla,ed Rama ” Sca " eri " 8 (SRS) or bo,h in a to 

lopMer oT^uate^dwMST 6 ” aPPr ° aCh: “ Vety Sh ° n OSCilla,or pulse ' “* an 

1. Hologra phic Gratings 

riS e iS Ut L 0f te u hn ' qUe is its nearl y energy convesion efficiency (in principle) However 

“ “ eSe « S “* limited to **out 1 meter in transverse dimeSn ^by cuSem 
p nology. Inspection of the figure above will show that the chriped input pulse to the grating must 

Neodymium laser _ 

10-ns pulse duration ^ 

with chirped output J L 



"bluer" portion bends less, 
follows longer path 


"redder" portion bends more, 
follows shorter path 




244 



9 srs/SRS Cascade 
input 




output 


cascade to obtain certain desirable effects. 

Total comDression ratios of about 100 have been obtained, just about what we require m the ORION 

to 100 ps pulses which couple efficiently to the debns target, from cheap, 

relatively low energy 10 ns inputs). 

make it less expensive to build and use a higher energy long pulse laser. 

3. Amplfiving a short oscillator pulse 



f 



100-ps oscillator 



neodymium amplifier 



\ 

J 


output 


This approach is deceptively simple. It also depends, at the present time, on unauainaoie wn— 
of lase^ parameters. The problem is that the brightness integral or “B-integral which determines beam 
breakup P due to nonlinear refraction in the glass host of a solid state laser syst. em is the = ^ nte g ^ 

apart from constants, that determines energy extraction efficiency. And, for 100-ps pulses, the result 
that efficient extraction is not yet possible for lOOps pulses if high beam quality is also required. 

The consequence of all this is: At this time, the best choice is a 5 or 10 ns pulse for ORION, if that 
pulse is generated by a solid state laser system. The situation may well improve in the next year or two 
as efforts at solid state laser R&D labs proceed. 
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I9PIC 13: Final ORION S ystem recommendations 

La test info indicates 5 to 1 0 -ns, rather than 100-ps. pnlsps 

1. In order to address the 1 to 20-cm threat range of debris sizes in a time = 2 years, the 
average power output of a repetitively-pulsed pusher laser must be ~ P = fW = 30kW. 

Previously, the repetition rate f and pulse energy W were free parameters in my 
analyses, to be driven by achieving lowest laser cost. In earlier reports, it was suggested 
at laser cost for a certain average power P should go down as pulse width x decreases, 
and that x-lOOps looked attractive, based on encouraging statements I was getting from 
the Livermore laser experts. 6 6 

Since December, information from Livermore has reversed that story. It now appears 

V S 1S „ s ^ ortest 'P ulse laser one should use in a repetitively pulsed 20kW 
ORION laser. Reasons for this will be provided in detail in a subsequent report The 
short version is: a lot of the requisite R&D has not yet been done. It should still be 
cheaper to use shorter pulses, but laser builders are not yet confident about doing it. 

2. At the same time, it was always clear that the pusher-laser-as-illuminator idea 

required high energy pulses or a big receiving aperture to function effectively at 
significant debris range. } 

Final recommendation 

Based on previous work plus an assessment of what can be economically built todav 
here is the final system we propose: J ' 


What is the system which we propose? 


Wavelength X 

1.06pm 

Beam diameter in atmosphere Db 

6 m 

Pulse length x p 

5 ns 

Nominal pusher range z 

3000 km 

Pulse energy W 

30 kj 

Pulse repetition rate f 

1 Hz 

Laser average power P 

30 kW 

Spot size on target d s at max range 

95 cm 

Strehl ratio 

50% 

Atmosphere transmission T 

85% 

Product I b Xp° 55 in atmosphere 

577 

Beam intensity in atmosphere I b 

21 MW/cm 2 

Beam intensity on target I s 

705 MW/cm 2 

Target effects product I s x p ° 55 

1.9 E4 

Time to clear LEO targets <450km 

2 -3 years 

Cost 

$90M 





We believe such a system could be built for $90M total, including beam director, 
computers and adaptive optics. 

Following are summary graphs for the work we have completed. 
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ORIO N Laser System Design Logic Diagram 


Photonic Associates 

excellence in photonics 



Nearfield beam diameter 
Laser beam energy 
„ Laser baem intensity 

Jnl Intensity for non] inear effects 

Jopt Intensity for optimum coupling 

P h Laser beam average power 

Laser repetition frequency 
Laser pulsewidth 
Laser wavelength 
Momentum coupling coefficient 


Range to particle 
Particle mass 
Particle perigee altitude 
Particle cross-section area 
dj Beam diameter at target 

W T Pulse energy cm target 

Ij Pulse intensity on target 

Av Change in target velocity 

V ORION mission duration 

SRS Stimulated Raman Scattering 
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Velocity change on 
Target Av = C m W/mT 
[Acceleration v = CmP/tm-l 
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Point illustrated here: 30kW of average laser power in a 40-cm spot will 
re-enter the 1.5 - 20-cm targets beneath 1500 km in less than 2 years 
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APPENDIX E 


ORION OPTICS AND TARGET ENGAGEMENT 


Glenn Zeiders 
The Sirius Group 



ORION Optics and Target Engagement 


1 . Propagation and Engagement Conditions 


Diffraction Requirements Peak lnton«ity / Pow» at Target. J/cti'/KJ 

Although laser systems are 
normally designed to match the 
beam with the intended target, 
conditions for ORION are such 
that even the largest reasonable 
beam directors will tend to flood 
the sky, spreading much of the 
energy far beyond the relatively 
small debris particles. A laser 
beam from a finite aperture 
spreads by diffraction, the 
resulting peak intensity at range 
R being given by I = Pfl. R 
jiC f/4 S = PHnd 1 14) where P is 

JteneT^thev«vSngth, jiD? 4 is the transmitting area, and d is the spot size. The Strehlratio S accounts 
for non-ideal propagation effects such as turbulence, and can be much less than unity in practice. 

Since most of the space debris of interest for mitigation by O rion 

soot sizes of at least 20 cm (and perhaps much larger) can be expected even with short wavelength (1 06p 
laSre) and with tLn directors approaching the size of today’s 
telescooes While these relatively large sizes exact a toll from the pusher lasers in view erf the requ |red 
outDut rower it will be shown that they, together with the short wavelengths and large apertures that are 
them are neverthelessvery costly in terms of both turbulence compensation and the 
m ^ e-"** °P« mizatton ^ the system level might 

yet recommend operation with even larger spot sizes. 



Atmospheric Turbulence and Adaptive 

Aside from nonlinear propagation effects that can normally be avoided by reducing p^k ievels^the 

maior contributor to non-ideal beam spread and loss of Strehl ratio is atnxisphenc tu^len(»(see^ the figu re 
on the next page) which disrupts the beam by superimposing regions of varying refractive index (|™chlite 
lenses.) TurbSence affects both telescope images and transmitted taserbeams byraduang I the 
and scattering the light with short correlation scales (often reducing the effective a P^ re ^® M 

one D to a much smaller Fried scale r 0 ), whereas large scales tend to tilt the wavefront and steer the light 
Adaptive optics attempt to counter these effects by measuring the distortion of a reference wavefront 

traversing me path and introducing the conjugate (opposite) distortions the JJaraeJl or 

fnr the reference wavefront can be, for example, a natural star, reflection from an object (like a target), or 

from he ground. Turtulenoe of couro. vartes both spabady and 

temporally so correlation between the two wavefronts will be lost over iiweasingly ,a ^. sc ^* es x ^ 
transverse displacement of their axes is increased, an effect usually referred to as am^planatism. The 
oSSSTlmwo.es as the size d of the control zones Is decreased l and Id = J^ 9 en^y 
represents a useful cost-effective compromise. Such correction can be achieved with state-of-the-art 
^nwrted and/or deformable adaptive optics systems, but it should be realized that many thousands of 
SSS liSSfar the targe apertures of interest for ORION - and costs for such systems 
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t%T M * 10 ” Cha " nel <al,h0U9h $20M25 ° <** <*“™< * recommended for use 


Several typical distributions of atmospheric turbulence are |X\ 

n9h i ®2 d , their effects 00 Propagation are given in 30 " \\ V . M 

J* nomogram. Turbulence always tends to be very high near g * 

?**£?“ t* * *“ !*“*> tau "*“y (doroinartng the ! » 

contnbutron to ro), but locaily-severe conditions can arise at J “ Nr- 

h^her altitudes due to wind shear. High tropospheric winds in | \ NX 

patrajlar often lead to pronounced turbulence at upper I 15 " X-° j.\\ 

”*• afthou 9 h *» resulting strength is such that they £ « - 4“ \ \ 

contnbute little to ro itself, their distance from the aperture can X ) ) 

cause important coherence losses between paths that diverge 5 - Ns// 

from the aperture. v. 

0 I 1 L SE^SmJl 

-as 

property-located artificial beacon «« SJS5R?, and a 

sd: d r*?" r™ *» 

HSSSSSESSaS^^ 
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These mean from the standpoint of adaptive optics for either imaging or beaming that the reference 
“guidestar” must be located within the isoplanatic angle from the primary path for it to be effective, and this 
can generally be accomplished quite nicely for astronomical observations (at least for telescopes up to 
several meters in diameter) with an artificial beacon produced by laser excitation of the sodium layer at 92 
km altitude The tilt anisoplanatism is no more than (0.00410)(13.5) = 0.055 prad in that case, so image 
motion will be small compared to the diffraction size. Matters, however, can become considerably more 
complicated when correction must be made for a laser beam targeted against a rapidly-moving distant 
object. 



The high-altitude turbulence that most contributes to isoplanatic problems limits the 
effectiveness of the beacon as well because the solid angle from the beacon to the 
aperture does not account for all of the turbulence along the full path, even with a 
sodium beacon which, at 92 km altitude, is the highest artificial one that has been 
identified. This effect, commonly referred to as focus anisoplanatism, leads to the 
concept of a “beacon coverage size” do that defines the largest aperture that can be 
covered by a single beacon (a few meters at typical conditions.) ^Alternatively, it 
also can be used to determine the number of beacons N = (D/do) that would be 
needed for a large aperture, but each such beacon must be “tagged to differentiate 
its wavefront from the others, and the multiple signals must then be “stitched 
properly to produce the proper final wavefront. Unfortunately, the ability to actually 
use multiple beacons has lagged the theory, and there have been no truly 
successful demonstrations at this time. Until then, although there appear to be no 
fundamental reasons why multiple beacons cannot be applied, the use of an 
aperture larger than that which can be handled with a single beacon should be 
regarded for now as a very risky proposition. 


The status of a number of adaptive optics systems as of 1/94 is reviewed in the table on the next page. 


Tkw ^ 1000 km 219 


146 


Debris 


Tang*** 

accahrakon 


Puah 


93 

Fba track 


Acquit* 


•Kentucky 


Reduced 


0.45 dbgtoec ^ 

034 01 000km 

/ 0,23 

3 <r 
/ 4^ 

/ 60 * 



QM 


Engagement Profile 

The engagement profile at the 
right shows some important 
characteristics of the ORION 
system, and serves to identify 
several as-yet unresolved 
issues. Times and angular 
rates are specified for a 1000 
km debris altitude, but the 
results can easily be scaled to 
other altitudes. 

The target will typically be 

engaged at about 60° from 

zenith (30° above the horizon) . , xI _ 

because R 2 and atmospheric losses rapidly increase beyond there. Passive optical acquisition with one or 

more simple wide-FOV telescopes, limited by uncorrected turbulence to about 10 prad resolution appears 
to be a very viable option for ORION, and a relatively long time (93 sec @ 1000 km) is available for the 
acquisition system to establish track and to ensure that the target is in fact debris before possibly switching 
to fine track at about 45°. The pusher laser can then commence operation, and a relatively long time will 
again be available before it ceases operation before zenith to avoid tangential acceleration of the target 
Shich would increase debris lifetime ). Note that elevation rates at 1000 km are quite benign, and that 
rates above 1 degree/sec would only be encountered below about 450 km (azimuthal rates depend upon 
both the trajectory and the optical mount design, but will only be important near zenith - where operation 
should be avoided anyway.) 


Ex ot Mhm n ngtmKl 
aknoapharic loaaaa 
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jjgmonstrated (D) or F unctioning (F) Astronomical Adaptive Opti cs Systems 

Opa "“ on I Telescope pWrort Corrector ^ BW ]» 

Sensor Muror nm 



U. Chicago 
ChAOS 
U. Illinois 


3.5m ARC 

T5m 

ML Wilson 


[ NAO-SUBARU 7^m 

Japan 

QAA Italy. Ohio St., 8m x 2 Columbus/ 

SterdOt*. Gemini; ML Graham 

Keck Obs. CARA 10m 

MaunaKea 


196 subap. 
Shack-Hartm. 
512 subap. 
351rp 

Shearing l/F 


69 act DM WCE 


97 act DM 
249 act DM WCE ^<40 TT 
512 sag & 30 sag ~30 


R . Tyson, The status of astronomical adaptive optics systems", SPIE OE Reports (Jan 1994) 



































































The problem here Is the need tor -Kentucky Wind**-, the lead-ahead required [to accourd 
tr-mrinri hv the taroet during the elapsed time for a signal from the target to amve at*"® sensorDe 
S^^toldaX oSS conecttonTand then for the laser beam to return to the target. Tins isnot a 
W^Arather. must be calculated and established by dead redronmg over tens of 
mirrrvaHians to an accuracy of the size of the laser spot (about two orders of magnitude smaller.) Unlike a 
duck hunter who is smart enough to use a shotgun instead of a rifle to shoot a fast-coving bird, the dowly 
pulsed pusher laser wants to act like a rifle, and the relative size of the lead-ahead will make it veiycfcffteutt 
for a tracking system (active or passive) to provide the required accuracy re 9 ard,ess of 

the certainly 9 Dforbital motion - especially when the laser “rifle” is being moved about by turbulence. 

Though typically only a few milliseconds, the distances are far greater than target dimen ^° n f’ f ^ 
ahead anale 2V/c cose (42 4 urad at 30° and 1000 km altitude) is generally so much •® 1 9 er J^ n th ® 

iJS^aS angle that the signal from the target will be usel^ i e “^K^taS wllI 

dedicated laser guidestar within the isoplanatic angle about the outgoing path (i.e., leading the tar^j wi 
SSfwT or reducinq ttebeam spread, but less direct, however, is the means for handling 

mre^tonc^tod^ed^dlt becajsetoe guidestar bfeptol Is itself steered by toibufence. The drtds ob|e*rt 
interest tend to be smaller than the beam size, and we have already shown for the case oonsider^i 
that the RMS tilt angle greatly exceeds the ideal diffractionangle (by a fact °^.°y J’ 80 proba *** 
of hitting the target will be extremely low if we do not accurately measure or predict the tilt. 

The most attractive option for doing so appears to be to use the target itself as a reference f orjilt, a<xu 
K^^hfS aiidtm data to accountfor the lead angle, and that should be possible because of the 


O 


TARGET 


LLUMNATOR 

LASER 


SSZr 'SSZ ZZ m^ada^ve c*toa to ukrknkse spread, and 

their corrections will necessarily be different because 
their angular separation considerably exceeds the 
isoplanatic angle (let alone the fact that their wavelengths 
may be different.) All of the wavefronts will essentially tilt 
together at a characteristic frequency WD * 10 Hz for 
the given conditions, so the tracking data must be rapidly 
processed in view of the need for accuracy to a small 
fraction of the large overall excursion of the tilt The 
small time slices required for gathering the tracking data 
and the need to closely synchronize it with the pusher 
beam strongly suggest that the target tracking 
illumination be provided by either a CW or very-rapidly- 
repped laser, probably operating at yet another 
wavelength to ease the difficulties of aperture-sharing. A 
suggested functional block diagram of the system is 
shown at the right to illustrate the key components and 
information flow. The first splitter is the only high intensity 
shared component beyond the basic telescope/ director. 

Neither the beacon nor the illuminator laser need, of 
course, be co-located with the pusher/sensor system. 

Should extrapolation of the tracking data not provide sufficiently accuracy, it may be neces^iy to follow the 
^olToHteduck hunter by broadening the beam considerably (i.e., to use a “shotgun and to accept the 
qreatty decreased intensity) and/or to share the main aperture with a boresighted sc ® nnin 9j^® e ^ ^Wor 
ranMh/ nnlsed “machine qun") that can be continually steered to maximize return from the target. 
Ppaardless of the approach the complications involved in boresighting with a high energy pulsed laser 
3^ to te s2*S tStZ&ht be worth considering the use of a tor more po*rful endrapdy- 
„ ^ly-repped pusher toser to overcome both the lead-ahead and aperture hit prehlems. 

probably eliminating the need for a fine tracker at the same time. 
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2. Large Aperture Telescopes and Beam Director* 


** a large beam Erector will be needed for ORION to produce an accentahto 

ipssa^ 



SH5Sc#SS 

as a minimum, the present sih/eSooated optics throuah^^rt^Eta^l^ de ?? ned for ima9in9 ’ and - 
^Placed for high^ro^Sr^oTTlIin^ 5 mr^S™ ^'^ P '° bab * have t0 te 
for acquisition. The SOR site is located near foe end of the 3 h " 1ten8lfied camera is available 

and FAA approval is required for individ»S%wte ^ Albuquerque International Airport, 
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1QM Keck Telescopes 



Eventually expected to operate as an interferometer, the two 10 meter Keck astronomical telescopes on 
MatinaKea in Hawaii areXe largest in the world, and they again broke with convention 3 ' 
each employing an array of 36 hexagonal mirror segments, each in turn actively 
SS^rewwith computer-controlled actuators to control distortion. The required “5^ 

1Z2SU by p«Lv pre^mssing each of the .minor blanks. . P°Mng •»" 

and then allowing them to relax to the final shape. The overall weight of the Ket* tdesc^eis596,ooo ids. 
about half that of the 5 meter Hale telescope, and about three times that of the Starfire tel^o^ (86,^^ 
lbs.) Subsystem costs are shown in the figure, and it is quite significant that they are orjy 
those of the Starfire telescope. A 349-element deformable mirror from Xinetics will be available soon 
^dfin^tu^ler^Xection (note that d = D/VN = 54 cm is much la^thantypi^l ^uesof 
Ke visible ) Although designed exclusively for astronomical observations, it is irteresting to notethj their 
J^imum d^gnSL rate of 3 deg/sec (“anywhere to anywhere in under 2 minutes*) would be sufficient for 

the needs of ORION. 


Hiah-Power Beam Director 

No high-power beam directors of ORION size exist intheWestem 

are designed for imaainq not for beam directing, and their optical designs attest to that fact, ine large 

primary mirrors themselves do not pose a serious problem bemuse tte iXateorptiwf 

low (e a 10 MW on a 10 meter mirror corresponds to only 0.13 W/cm - one solar flux at 1% ateorjM ). 

M ^smaller mirrors in the Coude path are typically subject* t^tim^more 
oenerallv require more damage-resistant coatings and actively-cooled substrates. The most vulnerable 
etements generally tend to be those associated with the adaptive optics system, e.g. the high-power beam 
StoKZl sensor, and the active minor itself (If It is In fed situated inthe Coude pam.) 
Nonlinear beam propagation becomes a major issue as well within a telescope pn manly because of ttehig^ 
intensities in the Coude path, and a high power beam director will usually employ beam cor^^ingusMig a 
Sd optical system with a low absorbing flowing gas, and that in turn will require transmitting windows to 

isolate the gas from the surroundings. 


These would represent rather extensive changes of the existing systems (which, of course, 
l^SSSSSZlt need thoee mode), end a concept thdmlghtbe suhaWe for a large 
meet the requirements of the ORION mission is the coelostat shown on the next page 
specifically configured to use the PAMELA segmented primary m, ^_f^ 1ce ^) wh '^ h a 
adaptive optic elements instead of ones reduced by the 

and places them on a rigid base to minimize control-structure interactions and to allow 


are dedicated to 
beam director to 
This design was 
permits ro-sized 
few millimeters, 
active cooling if 
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S& SS. ,in ’ Pte ”*"'” i “ 1 ‘--» 


The opMcs represent the most fundamental unit of any telescope or beam director and scaiinn nhii««nh V in 

SVST?r!!*!r.* P 7 mlum « ** W- «» & aSSii that ^5S£!?SS£ 

and costs are all linearly proportional to It for simkor systems Such scaiirvi hae l.® . 

^pon^Irt telxf^tT^ ’ ° n ( ?° 0d de8<9n P"** 08 wherein improvements in ^ 

guideline quite well with regard to cost but the aareenJ * u ^ ystems frt this 
Hienari*:^ u uul ine agreement may be somewhat fortuitous in view nf th« 

to Z HaJ* hl9h ^ 13,68 °' me Start,re <««W in a 


mirror, but its lightweight mirror was relatively 
expensive, it is thought, due to recovery of costs 
for spin casting development. Not to be 
discounted, too, is the fact that another major 
factor in any such system is the cost of high-tech 
support, and Starfire’s dedicated Air Force 
personnel and Keck’s university support probably 
had major impact on the very moderate overall 
costs. 

The problems associated with simple power-law 
scaling are shown at the right where mass is 
plotted for a large number of mirrors of various 
types of design. The Keck and Starfire mirrors 
themselves actually follow conventional D 26 
scaling, but they represent lower extremes of 
widely scattered data, the dispersion of which can 
produce huge numerical differences at such large 
sizes. Those differences represent a mayor 
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svstem technoloqy and design driver because high values can simply not be afforded, and paradigm shifts 
SK tomd? tn thehrrterest of cost realist As a result, the overall cost of the Keck ssales Jm«a 
| fo^arty with D from Starfire, and a major change like the coelostat concept might perhaps be the next step 
that would have to be taken with radical redesign for a much larger telescope. 

Economic realism dictates that means be found to continue such a scaling trend. 


3. High-Energy Lasers 


The choice of available lasers for the ORION mission is really quite limited because of the need to produce 
JSSSrf NgT^agy pulses at a high duty cycle on a regular basis for long periods of time and to 
propagate that energy through the atmosphere to a very small spot at long ranges in space. 

The CO» laser was the first to operate in a very high power mode, and its lower power versions Joday ^ the 
f^iSTrdSS in the industrial but the 10 - 11* wavelength is ^vented by diffr**on 

frorn D^°cirw the target energy density needed for ORION. Another system that h^attracted 
considerable commercial interest, partly because of its ability to actually break the 
material that it interacts with, is the excimer laser which operates at the other end of ^hev^eleng^h 
spectrum in the ultraviolet and short UV; the potentially high single-pulseerergy and ®™^pot 
also caused considerable interest for use as a space-based laser weapon, but the available ^raratj* rang 
of Dulse energy pulse length, and rep rate don’t mate well with the ORION requirements, and the short 
wavelengths 'gresrtty complicate the use of adaptive optics for turbulence correctioa Simiiararguments 
retain to most of the other high energy laser systems that have been developed for military and/ 
industrial use (e.g., iodine @ 1 3rp, HF/DF @ 2.7 - 3.8m, and CO @4.8 - being that the only 

remaining viable candidates appear to be the neodymium glass and free electron lasers. 

state neodvmium qlass lasers are widely used for inertial confinement fusion programs because of 
M M hS? energy in relatively short pulses at short wavelength - 106m. but readily 

the visible" Lawrence Livermore National Ljbontay tai Mad*. 

country in the development of such lasers through the massive Shiva, *^ a : a ^^* )n " to ' be # J 
SS Fadlrtv^vSns, and their currently^operating Beamlet laser with rts 20 kJ, tens of nanosecond 
pulses may be urSquely suited to the ORION mission if the system can be 

SSivekDulsed mode A major benefit of the concentrated R&D that has gone into those systems is the 
Stability ^specialized hardware for such functions as frequency doubling, beam isolation, aoddeanup, a 
notable examSeof the latter being the SBS (stimulated Brillouin scattering) mirror that has been used at 
LLNL^wrvM^e aphaw conjugated beam for real-time cancellation of thennal distortions Caubon is 
simply amds^that these lasers are very experehe, and their 

heavilv-oooulated Uvermore Valley is less than ideal from every viewpoint for ORION. Nevertheless, llnl 
to pLKd^^ from there, and «*y have - or could soon have - the 

capabilities on site to vividly demonstrate the debris clearing concept. 

The free electron laser remains a candidate for ORION because of the advantages offered by its wide 
i^innal Mrame ter soace (including wavelength), potentially high efficiency with electron beam recovery, 

the dramatic ,ai,urcs of V th ® 000 

KSmTteTof dollars spe* per kilowatt output. It has. however, been pursued far more 
succeSS in the former Soviet Union, and it and other systems developed there might provemore 
surta^for orbital debris removal than would their US counterparts if certain biases by our govemmart and 
its industrial partners can be overcome. The most serious technical question involving the use of ax\ FEL _for 
debris dearth is its ability to actually produce the d^red target inte^ion: fo T ^ 

fe a the Microtron RF system proposed for near-term delivery to the U.S. by the Budker in^itute m 
Ncwosibirsk) operates at about 20 MHz with about 20 psec pulses, and, regardless of the details of the 
macropulse format, this corresponds to no more than tens of millijoules of energy per pulse whereas target 
coupling requires at least tens of joules at that pulse duration. 
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ISfiSlS 96 a ^ e , beam director for OR ION cannot be understated because of 

!l h ! ? SUlting smaM SP 01 •» 00 the laser system itself. A 10 cm spot on a target at a 
range of 2500 km, about the most that would be necessary to deorbit the largest concentration oforbital 
debris, would require an effective aperture size DVS of 32 meters at lip wavelength. This is clearlv far 
beyond even the largest optical astronomical telescopes being considered today and it would require a 
° f 30 nanoradians - but such sizes are relatively routine with radio telescopes, the 

22 ^!^ ^ >t ' CS teChnd0gy 6X1813 today to Populate such structures for operation at optical frequencies 

are ^Tl! ar t0 thOSe pursued for the Strategic Defense Initiative. Instead of the 
t6n ^° f .^ou^pulse that might be required with a more conventional telescope, the desired effect could 

fte 20MW iSSr^n ^ pu , lses 5^nt2°, nsec la8ef * and ** corres ^t° the pulse parameters of 
SS J? kHz) that was the early baseline for the SELENE system and for 

ii?o ufif® are already in operation at Science Research Laboratory in 

uSIUf^hL^'cm 0 * 6 th3 f th ^ 20 ^ f ' 9ure is for comparison only, and an operational ORION system 

9 S? r could operate at far smaller PRF and power level with those kJ pulses. 
th ^ beam director operating against a target at 500 km would produce onfya 2.5 
cm spot, but the same impulse could be obtained with only a few tens of joules per pulse. 


4. Space Debris Removal - Orbital Considerations 


Space debris can be deorbited by using a ground-based laser to selectively apply a velocity increment to 
^e ell.pt>c.ty and/or to decrease energy. The reduced perigee altitude in Sher caw^^S in 
drag more rapid destructive re-entry. The orbital/reentry aspects of the problem are fully 
treated here emphasizing physical understanding of the behavior rather thanactual numerics A mde 

f "» required by atmospheric drag to cause re«mby bore an aZ^I^ Stal 
developed, and the impulsive Av requirements are then defined for most effectively producing reentry. 




al Mechanics 

The two-body orbit problem, including drag D, is described by the equations 
Radial force: dV/dt 2 = dvr/dt = v e 2 /r - y/r 2 - D/m cosy 

and Angular momentum H. d(rv 6 )/dt = - Dr/m siny, 
which may be combined to give 

Energy E: d[(v r 2 + v e 2 )/2 - y/r]/dt = - Dvr/m and d^l/rj/de 2 = y/H 2 - 1/r. 
It follows that the orbital parameters in vacuum (i.e., with D = 0) are given by 

where e = (r a - r„)/(r a + r„) is the eccentricity of the orbit. 


Apogeea 



Perigee n 


Lifetime 

^?8Ph®[|c drag produces azimuthal deceleration that first reduces orbital ellipticity and then causes the 
debns particle to slowly spiral inwards towards the earth until the rapidly rising densrty (shown on the next 
page) c#»as It to precipitously lose altitude and selMestruct. ^uLSgT^^i^^ 
van able foe convenience, the reentry trajectory is described by the coupled differential equations 

264 



d 2 (1/r)/d0 2 = n/H 2 - 1/r and dH/dO = - pCoA/2m rV 


The first equation remains unchanged from the vacuum 
case, and the second describes the rate of change of 
angular momentum H where the drag coefficient Cd = 
2D/pv 2 for hypersonic flight is nearly a constant with the 
Newtonian value 2. 

The drag is localized near perigee for an initial 
highly-elliptical orbit, and this essentially produces a 
negative tangential Av with no change of perigee,, each 
ensuing orbit having decreased ellipticity until a circular 
condition is reached with nearly the original pengee 
altitude. Assuming an exponential density variation which 
the data shows is appropriate at high altitudes, the 
change in angular momentum per orbit during the early 
stages where integrated drag is the least and most of the 
time is spent is given approximately by 



- AH = J P ^ r,vde = P ^ r ‘ H J e L ^ =r ^ r ‘ H J 

* — -IT 

-TC ~ n 

~ H 2 e#/2 

P^r.Hje’^^^de= p -^ r, (1+e) 


jc H 2 2esin 2 0/2 
]IC (1+E)(1 +60080)^ 




Thus, 

using the orbital period T, so, if the time spent near final circularization is small, we find the time t to reach 
that condition to be given by 

p£s/wu T= 
mr, l2it 


L _ _ f Vede _ 

-= X ~ Ip 6 ' 
0 


In the other limit of nearly circular orbits, the equations reduce to 

pCpA 2 dH _ 1 dr _ 1 dr 

m d6 " ?d9 _ Vpr dt 


r= *f and 


so that the reentry time t is given by 


i^ T= jp?Jir = pr/* I ^ L ^ p!pr 

r- r - 


and is again inversely proportional to the density in the initial circular orbit and to the ballistic coefficient 
CoA/m. 

NASA has calculated the lifetime for reentry for a variety of debris objerts beginnings 
the results are shown on the next page at the upper left (Ref: “Orbital Debns, A technical Asse^TV^it”, 
National Research Council, National Academy Press, 1995.) The data for all of the curves has I been 
replotted beside it in terms of the parameter At/m, and it is dear that the form accurately r ®P re8en ^ .!h® 
results over the entire range, and that the results closely track the density data as predicted by the simplified 

model. 
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right. As should be 
expected, highly elliptical orbits first show a decay of apogee 
altitude with fixed perigee, followed by an increasingly rapid 
decrease of perigee to an abrupt reentry. It was found that both the 
computational time and the memory requirements increased 
dramatically for “small" values of the drag parameter pCoAL/m and 
that the author’s 1 00 MHZ Pentium slowed to a halt for values of 
tnpr,/L ) larger than about 10 7 ; those limiting drag values tended to 
be considerably higher than those of practical interest, but it was 
also found that the “final" conditions corresponded to many 
hundreds of orbits and that the results essentially reached 
asymptotic values of interest. The integration routine uses a 
variable step size to optimize accuracy and speed, and the quoted 
termination conditions reported by Mathematica when the step size 
essentially vanishes are therefore useful measures of the lifetimes 
with low drag. Those are shown below for the lowest calculated 
drag conditions, and it is clear that the results are quite well 
correlated by 


A unified picture of the reentry behavior for arbitrary initial 
conditions has been obtained by numerical integrating the 
differential equations using Mathematica and an exponential 
atmosphere with a constant scale height L, and representative 
results are shown at the , 


tJL* 100 
e * 0.1 


0.0003 00001 
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i *0.01 


ftCJSL / / / > 

0.00003 0.00001 0000003 




0.1 1 10 
EMptdty PafanwMr er/. 


This simple summation 
of the circular and 
elliptical limits exactly 
matches the result 
given previously for 
circular orbits, but the 
elliptical term, though 
matching the slope, is 
18% less than that 
calculated before (due probably to the rather liberal 
mathematical approximations that were made there.) The full 
effect of empticlty is just to multiply the lifetime by the factor 
1+v2(ero/L) , and the consequence of doing so is shown on the 
next page. The results appear to agree well with those of King- 
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S3SESHSH5 

400+ km altitude of the high-value International Space Station Alpha. 



l ifetime Reduction 

The timefntegrated force frcrc a single pulse is an l mpulse Thajln 

SBBBB9 

leave higher order effects to computer analysts. 

r t^^f^p^^rties^ SS^S^Xjt ttSSt 

describe the orbit in terms of its local velocity components v r and v 6> i.e. 

v r = |i/H £ sinG, rv e = H, hV = 1 + e cose. 
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Then, 


r = iT? ■ * = v.Vp . y ■ v,Vn 


***”'('*■ ^ dreula r ”jg » i» about 7900 mps in low Earth ortXt as noted above. The ottal 

parameters e, 0, and rjr are plotted below on a “hodograph” plane using normalized velocity components x 
and y as coordmates. and an expanded view of that plot ab£t (0, 1) more appoprtateto? 

^ts, isshoym on the next page. Note that the 0 and e asymmetries that are evident in the first plot for 
large eccentncities essentially vanish in the expanded one where conditions for small e are described well 

x = 1 + e/2 cos0 , y = esin0 , e 2 = 4(x- if + y 2 , and tan© s y/2(x - 1). 



an9 -‘ e ’ whlch is neithef specked nor required in this two-dimensional analysis a point 
on the *>dograph plane is uniquely specified by the radial and azimuthal velocity ootS 

^me indi^S Ca th?r'rr! Ure l 0r deriv ^.* rth a high-quality radar system, and thoseKii (togethS 
, nd nat,on “ that 03,1 3 so be measured) uniquely determine the orbit of the target The effect of a 

diStai' f SriTnriWrf ^ 9raphi !f ,ly represented ** drawing its vector with approve magnitude and 
P 01 " 1 °* eng' 0 In velocity space, and the head of the vector then defines e 0 and rJr for 

^dirSSJ. P^^ 100 is trul V impulsive, the radius r is unchanged and the new peri^e altitude is 

^° f *£. in the first hodograph plot have been replaced in the expanded version on the next 
page with lifetime profiles based upon the previously derived model and given by 


T=^/pr , =„v([L e n/r e -{< 1 -!' ) 
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1 = 10 * 
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radial 0 
velocity, v^r/p. 
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where t is a dimensionless lifetime with its parameters evaluated at the intercept condition for wh,c **' t 

Z attitude there is ve,y nearty that at pertgee. but. othereu*. tire cutves ar e dra maically 
compressed as r/L decreases (meaning that lifetime is far more easily reduced.) The much closer spacing 
of alfsets of lifetime curves for 0 > 90° in fact means that a properly directed Av will be much nrcreeflectwe 
JTte mar perigee, but it should be noted that the anti-azimuthal impulses of greatest benefit 

there will be more difficult to produce with a ground-based laser, and the propagation 
a^T /SdTfmm laser pn^agation effects, the most effective application of velocity changes for lifetime 
rpriurtion will be outwardly normal to the curves of constant t in the hodograph plane. This corresponds in 
S?5SS5 Slty-oSward near perigee in the ascending mode to anti^mutha^ear 
then to neawty-radially inward near perigee in the descending mode. The examples i shown m 
theexpanded figure were arbitrarily selected and correspond to equivalent portions in ^ as^ndi^ and 
descendina modes' the vectors point in the direction of greatest lifetime change, and the ight-aDtor^ 
sectors depict the allowable range of impulse angles for lifetime reduction. The mean impulse for most 
MoSriSf be dose to the direction of the laser beam, so the angle * between the impdse 
vector and the local radial will be limited as shown by the dark-colored sectors toabout ±75 byatmc^p^nc 
effbctelas amatter of convenience for use of the graph, the vector lengtos and the rad., of the light and 
dark sectors are respectively 0.05, 0.04, and 0.03 in terms of normalized velocity ] 
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VSFZ*?!™ fi9Ure that the ailowab,e operating space (the region of overlap of the laser and 
f0r - T" H vani8hes 95 P^gee is approached in the descending mode, that it is 
270 ^^ onP^ Pen9 !L ^ i ascending mode ’ and that it only moderately favors the ascending mode for 
Z T ® 90 : reas ^ ab *y efficient operation can be achieved anywhere in the orbit with a sufficiently high 

to CarBfUlly ’ because toy can be misleading. In particular, whHe 

to close spacing (rapid changes) near apogee might suggest that operation would be favored there 

10 '’«*« of “S incn»£^u<££ « thHS 

tS 22!J ^!L!T requ,red because of to reduced effectiveness of a radial Av component. 

prcpagation ^ - and therefore on target intensity and Av - 
m f ron9 ^ t f ri y5 °" the Ch0fc8 engagement, and cross-range distances, in to likely 

2 Wtal ***% ^ more demanding than will radial/axial Av 

considerations (note that a LEO footpnnt crosses to equator every 1.5/24 = 1/16 rotation -> 2500 kms and 

this can lead to a substantial cross-range distance at interesting latitudes with a highly inclined orbit.) 

.**. the search function ' atmospheric conditions, etc., to seek “targets of 

22^ rT )'ff° n ’ J is indeed fortunate that these rules are rather loose - but tore* 

pne that is not, and which should be strictly obeyed “ 


Avoid any engagement that produces a positive axial Av component, 

i e one that acts to accelerate the debris along its path. 
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SELECTION OF LASER DEVICES AND NEODYMIUM GLASS LASER 

SYSTEM ANALYSIS 


William Dent 

Dent International Research, Inc. 
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Selection of Laser Devices 


Excimer Lasers 
Neodymium Glass Lasers 
Iodine Lasers 
Free Electron Lasers 
Carbon Monoxide Lasers 
Carbon Dioxide Lasers 


Section 2. 


Neodymium Glass Laser System Analysis 


Repetitively Pulsed With SBS Mirror 
Beamlet Prototype System Design 
NIF Laser System Design 
Laser Slab Cooling Design 
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Section 1 


1 .0 Selection of Laser Devices 

The primary objective of this task is to survey laser devices and then- 
associated technologies to determine what lasers might be suitable for use in 
clearing orbiting debris from low to medium earth orbit. The U.S. Space 
Station is scheduled to be launched into orbit beginning in the next two to 
three years. Thousands of pieces of debris from booster upper stages and 
defunct satellites pose a potentially serious collision threat to the Space 
Station and other operational satellites. A large ground-based high-energy 
laser is potentially capable of irradiating these pieces of debris with sufficient 
fluence to create enough blow-off impulse to cause the debris to de-orbit. 

A high-energy laser must meet many requirements to perform this 
mission. Among the most important considered for this task are. 

• Beam Propagation - The laser wavelength must have good atmospheric 
transmission characteristics, i.e., low absorption. Also, the power density 
in the beam for the required overall laser system parameters must be 
below the Stimulated Raman Scattering (SRS) and non-linear index of 
refraction thresholds. These parameters are determined by the laser 
wavelength, pulse energy, pulse length, and beam diameter. 

• Average Power - The laser must be capable of producing sufficient 
average power to de-orbit a piece of debris in a reasonable time period. 

• Single Pulse Energy - Each individual laser pulse must contain sufficient 
energy, when coupled with the other system parameters, to ignite a 
plasma on the surface of the debris creating thrust from the blow-off. 
Preliminary analysis indicates the required single pulse energy will be in 
the range of tens of kilojoules. 
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• Pulse Length - Target coupling and atmospheric propagation are highly 
dependent on the laser pulse length. Preliminary analysis indicates the 
pulse length should be between 100 ps and 100 ns. 

• Beam Quality - Focusing on a target up to 2000 km in range with a high 
beam intensity requires a near-diffiaction limited beam. Of particular 
importance is maintaining beam quality in the repetitively pulsed mode. 

• Reliability - This laser will be required to operate with a large duty cycle 
every day for several years. 

• Existing Technology - By management decree, NASA is not in the 
business of developing high energy laser technology. Whatever laser is 
chosen to perform this mission, the development and prototyping of the 

laser hardware will have to have been accomplished by some organization 
other than NASA. 

• Available Technology - The laser technology NASA chooses to perform 
this mission must be readily available for deployment by NASA. Laser 
technology developed in foreign countries will only be considered if the 
proper business climate exists to allow NASA the opportunity to readily 
and reasonably acquire the hardware. 

• Adaptive Optics - The compatibility of the laser system with die adaptive 
optics is a serious issue. Beam brightness drives die system to shorter 
wavelengths while the technical difficulty of constructing a large adaptive 
mirror pushes toward longer wavelengths. 
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1.1 Excimer Lasers 

The near-ultraviolet wavelengths produced by excimer lasers offer the 
possibility of very high brightness laser systems for orbital debns removal. 
These lasers have been heavily researched and developed in the U.S. and 
other countries. In the U.S., excimer lasers have achieved average powers of 
several kilowatts with good beam quality. From the physics learned in these 
experiments, there appear to be no issues preventing the scaling of these 
average powers to at least the several hundred kilowatt level. Some of the 
issues for these lasers are: 

• Low Efficiency - Typical efficiencies of excimer lasers fells in the range of 
two to four percent. 

• Pulse Length - The natural pulse length produced by high energy excimer 
lasers is typically in the 500 to 1000 nanosecond region for efficient 
operation. Efficiently shortening the pulse length is not practical. 

• Electron-Beam Pumping - Only e-beam pumping has been shown to be 
scaleable to high energy. E-beam sustained discharge has not been 
efficiently scaled to high energy. With e-beam pumping, a serious issue 
remains for the lifetime of the foil separating the laser cavity from the 

electron gun. 

• Window and Coating Damage Thresholds - For near ultraviolet 
wavelengths and nanosecond pulses, the damage thresholds for excimer 
laser windows and coatings is generally 0.5 to 2.0 J/cm A 2. This makes 
long term operation at high power difficult. 

• Raman Shifting - Significant atmospheric scattering at the near ultraviolet 
excimer wavelengths necessitate down shifting slightly into visible 

wavelengths for reasonable atmospheric propagation. This is 
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accomplished in a high pressure hydrogen cell. The xenon fluoride 
wavelength of 351 nm is normally down shifted to 41 1 nm. This process 
also enhances beam clean-up. 

• Adaptive Optics - The short wavelengths of excimer lasers makes 
correcting for atmospheric turbulence with adaptive optics extremely 

difficult. Also, the problems of lead angle and isoplanatic angle are 
severe. 

Large, scaleable high average power excimer lasers have been 
constructed in the U.S. The EMRLD oscillator successfully produced 40 to 
50 joules per pulse at 100 Hz at 353 nm with a pulse length of 600 to 700 ns 
and a beam quality of 1.3 times diffiaction limited. Large single pulse 
energies of greater than ten kilojoules have been achieved by lasers such as 

the Aurora kiypton fluoride laser at Los Alamos National Laboratory. 
(Reference 1) 

1 .2 Neodymium Glass Lasers 

These solid state lasers currently produce the highest single pulse 
energy with short (nanosecond) pulse length of any laser. Because of this 
ability and their relatively short wavelength ( 1 micron), these lasers have 
been chosen by several countries around the world for inertial confinement 
fusion programs. Consequently, this particular laser technology has been 
advanced to one of the highest levels of state-of-the-art of any laser. The 
physics of neodymium glass is extremely well known and understood. 

The largest single pulse neodymium glass laser in the world. Nova, is 
at Lawrence Livennore National Laboratory. This currently operating laser 

produces more than 100 kilojoules in one nanosecond at one micron from ten 
separate beam lines. 
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Also currently operating at Livermore is the Beamlet laser. This laser 
is a single beam line prototype of the neodymium glass lasers for the National 
Ignition Facility ( NIF ), scheduled to begin construction at Livermore in 
1997. This system will consist of 192 separate beam lines based on the 
Beamlet prototype. 

The Beamlet laser is potentially capable of producing a single laser 
pulse with sufficient energy (20 kilojoules) and short pulse length (10 to 40 
nanoseconds) to ignite a plasma on a piece of orbiting debris. However, the 
Beamlet laser is only currently configured to be operated at the rate of one 
pulse per minute or less. To be of value in removing orbital debris, the 
Beamlet laser would need to be pulsed at the rate of approximately one pulse 
per second, which is far in excess of its current capability. The primary factor 
limiting Beamlet’ s repetition rate is removing heat from the laser glass slabs. 

Another laser currently operating at Livermore ( Reference 2 ) has 
achieved significant pulse energies (100 joules) at high repetition rates (6 
pulses per second) and is being scaled up (12 pulses per second). The main 
feature of applicability to Beamlet from this high repetition rate laser is a 
Stimulated Brillouin Scattering (SBS) mirror used in this laser configuration 
to generate a phase conjugated beam which cancels out thermal distortions 
and allows the system to produce a nearly diffraction limited (1.1-1.15 times 
diffraction limited) beam at the high repetition rates. 

If this mir ror configuration could be adapted to Beamlet (Reference 3), 
and if the neodymium glass slabs could be adequately cooled, it is quite 
possible Beamlet could be modified to perform the mission of orbital debris 
removal. 
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1 .3 Iodine Lasers 

Single short (nanosecond) pulse high energy iodine lasers have been 
developed in Russia and Germany. Development in the U.S. has been limited 
to longer pulses (10 microseconds) at high energy (1 kilojoule). Currently in 
the U.S., the largest repetitively pulsed iodine laser has an output of 50 joules 
per pulse at a rate of one Hertz ( Reference 4). This laser is currently being 
upgraded to 10 Hertz. 

The ISKRA-V laser located at Arzamas-16 in Russia was built for 
inertial confinement fusion and has 12 amplifier chains. The total energy 
output of the system at a wavelength of 1.3 microns is 30 to 40 kilojoules in 
0.4 to 2.0 nanoseconds. It was built for single pulse operation and is typically 
fired only once per day. 

The ASTERIX IV laser located in Garching, Germany hag six amplifi er 
chains with an output of 1 to 2 kilojoules per chain with a pulse length of 0. 1 
to 4.0 nanoseconds. It also was constructed for single pulse operation. 

1.4 Free Electron Lasers 

Free Electron Lasers were first invented in the U.S. approximately 20 
years ago. Since then, over two billion dollars has been spent developing 
these lasers at a large number of institutions. Yet the highest recorded output 
of any of these lasers in the U.S. has been only ten watts. However, the 
physics learned during these investigations and experiments indicates that 
these lasers have the potential for very high average power, high peak power 
in the micropulses of induction linear accelerator amplifiers, excellent beam 
quality, infinite wavelength tunability, and good efficiency. 
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At the Budker Institute of Nuclear Physics in Novosibirsk, Russia, a 
large free electron laser using a radio frequency linear accelerator has been 
built. This laser is reported to be capable of producing 10 to 100 kilowatts of 
average power in the wavelength region of 6.5 to 13 microns (Reference 5) in 
the near future. This laser use a race-back microtron for energy recovery, 
giving it a potential efficiency greater than 30 percent. It is designed to 
produce 10 to 30 picosecond pulses at a 2 to 45 Megahertz repetition 
frequency. This laser offers a high average power with good wavelength 
selection. However, a serious question exists concerning the ability of the 
micropulses to cumulatively ignite a plasma on a piece of orbiting debris due 
to the low energy in the individual micropulses. 


1 .5 Carbon Monoxide Lasers 

Most of the current work in carbon monoxide lasers is taking place in 
Japan for industrial applications and in Russia for airborne missions. These 
lasers were researched in the U.S. in the ‘70s but were not pursued because 
of strong water vapor absorption of most of the laser lines. The carbon 
monoxide laser is the most efficient higji energy laser in existence. However, 
for efficient operation, it must operate in the cascade mode and lase on most 
of its laser lines. This laser produces wavelengths from about 4.8 to 6.0 
microns. When line selected to operate only on the lines that transmit well 
through the atmosphere at around 4.8 microns, the efficiency drops to a point 
that make the laser unattractive for use in the oibital debris removal mission. 
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1 .6 Carbon Dioxide Lasers 

Although there are no longer any operational pulsed high energy 
carbon dioxide lasers in the U.S., this laser technology is a very well 
developed and mature technology. This laser has high efficiency, relatively 
easy to build and operate, and good atmospheric transmission. However, for 
the mission of orbital debris removal, which requires the focusing of laser 
energy at a distance of over 1000 kilometers, the far infrared wavelengths of 

10.6 and 11.2 microns give the carbon dioxide laser a disadvantage of a 
factor of more than 100 when compared to neodymium glass with a 
wavelength of 1.06 microns. All other factors being equal, a carbon dioxide 
laser would require more than 100 times the energy per pulse to create the 
equivalent power density on target as a neody mium gl ass laser. 
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Section 2 


2.0 Neodymium Glass Laser System Analysis 

After reviewing the aforementioned types of lasers and considering all 
of the important issues and requirements, the neodymium glass laser appears 
to be the most pro mis ing candidate for the orbital debris removal mission. 
This section will address some of the issues pertaining to this laser. 

2. 1 Repetitively Pulsed With SBS Mirror 

The major issue for adapting neodymium glass lasers to the orbital 

debris removal mission is configuring them for long-term repetitively pulsed 
operation while maintaining good beam quality and cooling the laser glass 
slabs. These issues are addressed in Reference 2. Figure 1 shows a diagram 
of a laser amplifier using an SBS mirror for wavefront control. As long as the 
laser glass slab is kept reasonably cool, the SBS mirror will produce a phase 
conjugated reflection that will effectively cancel out thermal distortions in the 
glass and produce a near diffraction limited laser beam. 

Figure 2 indicates the dimensions and layout of the rectangular glass 
slab. Figure 3 shows how the glass slab is mounted with the flashlamps and 
how the flashlamps and the slab are cooled with water. In this configuration, 
the light from the flashlamp s must pass through the cooling water before 
entering the laser glass slab. 

The output wavelength of neodymium glass can be frequency doubled 
with high efficiency using KD*P crystals. When implemented at high average 
power, the crystals must be cooled as shown in Figure 4. 
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Source: Reference 2 
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Figure 1 Laser Amplifier with SBS Wavefront Control 



Figure 2 intentionally left blank 


o 
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Figure 4 KD*P Doubling Crystals 



2.2 Beamlet Prototype System Design 

The most applicable laser for the orbital debris removal mission 
currently m existence and in operation today is probably the Beamlet laser at 
Lawrence Livermore National Laboratory. A schematic diagram of this laser 
is shown in Figure 5 (Reference 6). This laser is a single beam prototype of 
the laser chain designed for the NIF. A pulse is injected from a low power 
oscillator and a segmented back mirror adaptively adjusts to provide 
wavefront control to improve the beam quality. 

This laser currently produces 17.3 kilojoules in 10 nanoseconds. This 
pulse energy may be increased by adding additional glass slabs and 
increasing the pulse length to maintain the peak power at a constant level well 
below the damage threshold of the glass surfac es . 
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2.3 NIF Laser System Design 

The final configuration for a laser beam line of the National Ignition 
Facility is shown in Figure 6 (Reference 6). This configuration differs from 
Beamlet in that the pulse from the preamplifier is injected at the very 
beginning of the booster amplifiers. This allows the back cavity mir ror to 

adaptively compensate for all the wavefront distortions though the entire 
system. 

The current NIF design uses a segmented mirror to perform this task 
due to the very low planned repetition frequency. For the orbital debris 
removal mission, however, with its approximately one hertz repetition rate, 
the SBS mirror used in Reference 2 may be able to perform this function 
better and produce a higher beam quality. 
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Figure 6 NIF Laser System Configuration 






2.4 Laser Slab Cooling Designs 

A cross section of a disk amplifier in the Nova laser is shown in Figure 
7(Reference 7). This diagram shows the location of the flashlamps 
surrounding the laser disks. This configuration is conducive to cooling the 
flashlamps with water, but not the laser disks. At best, the disks can be 
cooled by a slow flow of air through the main ho using, 

Figure 8 shows a configuration where the disks are cooled by gas 
flowing through channels on either side of the disks (Reference 8). A close- 
up view of these cooling channels is shown in Figure 9. These channels 
direct helium gas over the laser glass slab at a velocity of nearly 100 meters 
per second, removing heat and allowing the glass to be rapidly pulsed. 
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Figure 7 Disk Amplifier Cross Section 



291 


Source: Reference 7 


8 Qa * Cooling Flow Channels 
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Source: Reference 8 





Figure 9 Cooling Flow Geometry 
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Source: Reference 8 
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ABSTRACT 


This report considers bistatic surveillance systems that utilize an existing com- 
ponent of a communications satellite system. The communications satellite sy stems 
that are considered consist of a ground-based transmitter (the uplink) and one or 
more satellites (each with transponders). The surveillance system would detect and 
track other space objects. Possible surveillance system architectures include a space- 
to-ground system that utilizes the communications satellite as an incidental target 
illuminator and a ground-to-ground system that detects targets accidentally illumi- 
nated by the uplink. By reciprocity many principles of the space- to-ground system 
apply to a ground-to-space surveillance system that utilizes a special ground-based 
transmitter* and the communications satellite transponder as a relay. This report em- 
phasizes a space-to-ground surveillance system employed to detect low-earth-orbit 

targets. 

Communications satellite transmitters operate at about 70 dB less (equiva- 
lent isotropically radiated) average power than the transmitters in most operational 
space-surveillance radars, so optimization of the space- to- ground surveillance system 
design is important. Various bistatic sensor principles, including forward-scattering 
enhancement of target cross section, are discussed in order to develop the intuitively 
best bistatic configurations. The detection performance of a bistatic sensor that re- 
lies on forward-scattering enhancement of the target cross section exhibits a weak 
dependence on parameters such as transmitter power and receiver aperture. The 
minimum detectable projected target areas are calculated for a number of hypothet- 
ical surveillance systems to illustrate the concepts. 

In the near term, surveillance systems capable of detecting and tracking targets 
with projected areas of .1 m 2 or more in both low-earth orbit and high-earth orbit 
might be an appropriate technical goal. For low-earth-orbit targets the best perfor- 
mance might be obtained with a ground-to-ground system that utilizes the satellite 
uplink as a target illuminator. For high-earth-orbit targets a space-to-ground system 
operated at large bistatic angles might provide the best performance. 

This work was sponsored by the National Aeronautics and Space Administra- 
tion under Air Force Contract F19628-95-C-0002. 
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1. INTRODUCTION 


A communications satellite both receives and transmits microwave radiation Tho f 

s~~^s=±l-s.^sE: 

and tracking other space objects. The hope is tha, some economv will be achieved bv The d 1 
usage of parts of the existing communications satellite system. Surveillance radars that mak 

— have be ™ — - — — “ 

,he " “ 

rrnrs^^x^ o ^riir^:':^ d T dth than a rr ned syst ™ 

of many new communications sate.lite ^ *' 

min — «*. 

ground-based transmitter could illuminate a target and be scattered throu^ 155 ’ 011 * 

satellite transponder back to an observer on the Ground ThJ t i ® communications 

the ground to the communications satellite could illuminate a loan 

ground In the last case the communications satellite is not directly involved Ml 
ol these candidate surveillance systems are worth discussing. * ’ AU 

not co T lt e ca C ,“ didateS *“ ° f biSUtiC SenS ° r SyStems - The and the receiver are 

# ~ Sr °, Und Th ® communications satellite transmission scatters from the tar- 
get. A special ground-based receiver is built to detect and track the target The 
transmitter is free and an unusual bistatic geometry is realized, but we are stuck 
with whatever signal the communications satellite is transmitting. 

. ground to space A special ground-based transmitter illuminates the target Scat- 

relayed back *° ear,h ,hro ^ h ‘ h * 

satellites transponder. The communications satellite provides gain and an unusual 

a ic geometry is realized, but the communications satellite’s transponder must 
be reserved for surveillance use. 
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• ground to ground The ground-based transmitter that is providing the uplink to 
The communications satellite also illuminates a target. The radiation scatters to a 
special ground-based receiver. The transmitter is free. 

This report concentrates on the space-to-ground surveillance system, but by a reciprocity principle 
most of the results also apply to a ground-to-space surveillance system. 

Typical communications satellite transponders have bandwidths of 27 or 36 MHz and achieve 
a downlinked power flux of from 10" 16 to HT 12 W/m 2 on the ground. These transmitters do not 
have the characteristics that a designer would choose for a space-based bistatic illuminator [2]. It is 
easy to argue that a surveillance system using a communications satellite transponder as the trans- 
mitter of a bistatic sensor to detect and track space objects would have to be carefully designed. If 
we were to place a modern space-surveillance radar transmitter from a ground system into geosyn- 
chronous orbit and operate it, it might place a power flux of 1(T 5 W/m 2 on the ground. Inevitably 
orbiting transmitters are radiating less power than an operational radar space-surveillance system 
typically utilizes. In fact, partly because space-based transmitters are more expensive than equiva- 
lent ^round-based transmitters, the uplink transmitter in a typical communications satellite system 
is the most powerful transmitter in the system. Thus as the surveillance sensor model is developed 
in this report, various principles to optimize detection performance are uncovered and exploited. 
Some of these principles cannot be utilized by space surveillance systems without a space-based 
component To our advantage, the power fluxes from communications satellite transmitters are 
larger than those produced by radio stars and the sun, two other microwave sources that have been 
studied as illuminators [3]. 

The main part of the report is found in the next section, where various tradeoffs in the 
surveillance system design are discussed. To validate some of the tradeoff principles an additional 
section is provided that includes performance curves. The report ends with a section of results 
and conclusions. Many relevant principles are collected together, and the detection performance 
of candidate surveillance systems are briefly evaluated so that this document will provide a useful 

reference. 
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2. SURVEILLANCE SYSTEM MODELING AND OPTIMIZATION 

The first two sections of this part of the report involve manipulating the surveillance geometrv 
,n order to maximize the power flux at the observer. The assumption is that a larger power Amc 
,s better More complex optimization principles require a detection model which is introduced in 
sec , on 2.3. The detection model suggests that the time-bandwidth product of the surveillance 
system should be minimized which leads to the correlation receiver proposed in section 2.4. To 
implement a correlation receiver it is necessary to separate the receiver signal component due to 
the transmitter from the signal component due to target scatter. This separation is accomplished 
with he angular resolution of an antenna array described in section 2.5. Another result from the 
e ection model justifies a particular configuration of the array which is discussed in section 2 6 
The final section of this part of the report takes advantage of the fact that the target mav be 
i uminated over several receiver antenna beamwidths to suggest methods of improving the detection 


2.1 The Forward-Scattering Effect 

One interesting principle behind bistatic sensors is the angle diversity that can be exploited 
y different angles between the transmitter, the target and the observer. This an<de 

is called the Static angle. It has been known for some time that under suitable conditions* a 
taxget s cross section at a bistatic angle of 180 degrees can be much larger than its cross section at 
a bis at, c angle of zero degrees. When the bistatic angle is 180 degrees, the target’s cross section 
is called its forward-scattered cross section and the phenomenon is called forward scattering The 
case of a bistatic angle of zero is the usual back-scattering phenomenon, also called the monostatic 
case. Siegel [4] ,s often credited with showing that the forward-scattered cross section can be much 
larger than the monostatic cross section in the high frequency limit although the phenomenon was 
apparently described as early as 1908 by Mie [5]. 

. far fo r w ard-scattered field can be thought of as a diffraction phenomenon. It is pointed 
out in ([6] page 25.18) that by application of a diffraction principle (Babinet’s principle) the target 
may be absorbing or conducting and in either case will produce a forward-scattered diffraction 
patterm In [,] Glaser further argues that the behavior of the cross section near a bistatic angle 
o 180 degrees can be approximated by treating the projected area of the target as a uniformly 
illuminated aperture in an infinite plane. We can expect good agreement with these predictions 
when the size of the target is many times the wavelength of the radiation and the bistatic angle is 
very near 180 degrees. In this case, the forward-scattered cross section o f is given by 


4irA 2 


( 1 ) 
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where 4 is the projected area of the target onto the plane normal to the lme-of-sight and A is 
the wavelength of the radiation. The forward-scattered cross section falls from its peak value of 
fff as the bistatic angle becomes less than ISO degrees. The angular distance to the first nu is 
approximately X/d where d is the apparent extent of the target silhouette as measured m the plane 

of the angle. 

The geometry is illustrated in figure 1. For concreteness, the values for a 20 cm diameter 
sphere illuminated' by 20 GHz radiation are included as an example. If we specify that the target 
is a sphere then we also know its monostatic cross section. The ratio 


c 7j ( xd 

O’tti V ^ 


( 2 ) 


is the ratio of the forward-scattered cross section to the monostatic cross section for a sphere of 
diameter d illuminated bv radiation of wavelength A. This ratio quantifies the forward-scattering 
enhancement. For the 20 cm sphere and 20 GHz illumination the ratio is over 1000. 

In figure 2, the value of 101og(tf//<r m ) is plotted versus d/A. The amount of forward-scattering 
enhancement increases with increasing df\. There are two ways to increase the ratio d ( A We may 
fix A and increase d. This says that larger targets benefit from more enhancement than small targets 
a fact that is not particularly useful from a surveillance system design point of view. We would 
prefer that small targets with a small monostatic cross section receive most of the enhancement so 
that thev are easier to detect. We can fix d and decrease A. or increase the frequency of illumination, 
to increase the forward scattering enhancement. We have stumbled on the first t useful tradeoff i 
a surveillance system that uses forward scattered radiation to detect a target. We will expect e 
surveillance system performance to increase as the frequency of illumination is increased. This wi 
be verified through the system model later. 

Even though equation 2 is specifically for a sphere and utilizes an expression that is only 
valid when d » A, it correctly describes the qualitative effects of the phenomenon for other target 
shapes and smaller targets. Generally as a target’s size decreases relative to the wavelength of the 
illuminating radiation, the forward-scattering enhancement becomes less pronounced. We nee o 
keep the frequency of the illuminating radiation as large as we can to get an effective surveillance 

system. 

The lar*e forward-scattered cross sections exhibited by targets is a phenomenon that is too 
useful to ignore. We will explore geometries where the bistatic angle is nearly 180 degrees, expecting 
that this will result in a surveillance system with better detection performance against the target. 


2.2 Power Flow and Geometry 

We first compare the power flux that is available as bistatic scattering from a target with the 
power flux available through a clear reference path to the transmitter. In figure 3 the two pat s 

are illustrated. 
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RADIATION INTENSITY 
IN POLAR COORDINATES 


ASYMPTOTIC MAXIMUM CROSS SECTION 
4nA 2 /A 2 ( 55.1 m 2 - 17.4 dBsm ) 


Figure 1. The cross section of a target that is large compared to the wavelength of the 
illuminating radiation has a much larger cross section at a bistatic angle of 180 degrees 
than it does at a bistatic angle of zero. The specific numerical values are for a 20 cm 
diameter sphere illuminated by 20 GHz radiation. 
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10 log (o f /o, 


A 20 cm SPHERE 
AND 20 GHz RADIATION 


Figure 2. The forward-scattering enhancement depends on the diameter d of the sphere 
and the wavelength A of the illuminating radiation. Larger targets undergo greater cross 
section enhancement through the forward-scattering effect than small targets. The en- 
hancement also increases as the frequency of illumination increases. 
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Figure $. Power flow through a reference path and a target path are shown. The losses 
through the target path relative to the reference path change as the target is moved along 
the path or the length of the path is changed. 
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A reference power flux p T seen by an observer at a distance R from a source with an equivalent 
isotropic radiation power (EIRP) 14 is 


Pr = 


W 

47 -R* 


(3) 


The length of the reference path has been set equal to the total path length from the transmitter 
through the target to the observer. Thus the only difference between the two paths is due to the 
insertion of the target. The distance of the target from the observer is R 0 - cR where c takes a 
value between 0 and 1. The target has a cross section of o f . Then the power flux p t seen by the 
observer due only to the scattering effect of the target is 


tv 

pt ~ 4 tc 2 R 2 


W (7 f 


(47t) 2 (l - c)' 2 c 2 f? 4 


(4) 


The reader might wish to imagine that the target has been slightly displaced from the line-of- 
sight between the transmitter and the observer, and that the observer has enough angular resolution 
to observe the power scattered from the target independently of the power received directly from 
the transmitter. In this case the total path length through the target is longer than the reference 
path length and equation 4 becomes a lower bound on the true value. 

The ratio 


Pt 




( 5 ) 


p r 4tt(1 — c) 2 c 2 R 2 


is an indication of the power flux through the target path relative to a clear reference path in terms 
of the fractional height c of the target. We can think of this ratio as the penalty (or advantage) of 
attempting to receive the radiation through a target path instead of the clear reference path. In 
terms of the absolute target height R 0 equation 5 becomes 


Pt 


°J 


Pr 47T(1 -%) 2 R 2 0 


( 6 ) 


Figure 4 shows graphs of 10log( Pl /p r ) for a s = 1 as a function of c for LEO and GEO 
transmitters and as a function of the transmitter height for a LEO target. The observer is on e 
around Note that the power flux scattered by the target is more than 100 dB below that which 
Ts received directlv from the transmitter source. If targets with cross sections less than one square 
meter are considered then an additional attenuation occurs. For targets with one square centimeter 
of cross section the curves are 40 dB lower. Only values of c such that .1 < c < .9 are considered, 
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10 LOG P t /P r 



TARGET HEIGHT AS FRACTION OF TRANSMITTER HEIGHT 

-120 
-121 
-122 
-123 
-124 
-125 

TRANSMITTER ALTITUDE (km) 

Figure l The power flux delivered, through the target path relative to a reference path is 
shown as the target height and the transmitter height varies. Relative losses are smaller 
when the target is near the transmitter or the observer, or when the path length is shorter 
The cases shown are for aj = 1 . 
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because the isotropic radiation model used to obtain equations 3, 4, 5 and 6 is not valid very close 
to the antennas. 

We have discovered a second important set of surveillance system performance factors. These 
factors are due to path length geometry. First, the relative losses through the target path can 
be reduced bv observing a target near the transmitter or near the observer. The greatest relative 
loss occurs when the target is midway between the transmitter and the observer. The second 
consequence is even more interesting. Suppose that a geosynchronous transmitter and a near-earth 
transmitter were designed to place the same power flux at the ground level. This is reasonable if the 
transmissions are to be received by ground stations of similar size and cost. Let the target height be 
fixed. Figure 4 illustrates that the signal through the target path originating from the near-earth 
transmitter will be stronger even though the signals received directly from the two transmitters 
are of the same strength! The relative loss is a monotonic function of the transmitter altitude even 
though transmission power is varied to keep the direct power flux on the ground constant. 

Can we design a receiver to detect the power scattered from the target? We might imagine 
that a receiver designed to receive the original direct communications satellite transmission would 
not be able to perform its communication function using a signal source that is 100 dB below the 
design point. The original communications satellite receiver was designed not only to detect the 
signal, but to demodulate the encoded data component which might represent a symbol rate of 
from several thousand to many million symbols per second. We only wish to detect the presence 
of the scatter from the target and, theoretically at least, we have all of the time that the target is 
visible to do it! In that sense our job is easier, but 100 dB is a large amount of loss to recover. We 
will need a detection model to see what really happens. 

In addition, equations 5 and 6 reminds us that a large dynamic range is involved in any 
surveillance system that we build. When a microwave or laser radar is designed, the transmitter is 
almost inevitably constrained to release its energy in timed pulses. When the relatively powerful 
transmitter is not radiating, the receiver listens for the weak scattered return from the target. The 
communications satellite transmitter is a continuous-time radiator. If the communications satellite 
is used as a transmitter, then the radiation scattered from the target and the direct transmitter 
radiation fall on the observer simultaneously. The original transmission jams reception of the target 

scatter! 

In this section we have discovered some geometric principles that can be used to increase the 
power flux on the ground due to the target scatter. Intuitively this could improve performance, but 
there are other issues to consider. Certainly the length of time that the target is illuminated by the 
transmitter may affect performance also. To be precise about the surveillance system’s detection 
performance we will need a detection model. We must also remember that the assumptions of 
lossless processing used in the remainder of the report may not account for the difficulties that a 
practical design will face in the presence of the large dynamic signal range that we have documented 

in this section. 
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2.3 The Detection Model 


In this section we discuss the detector. Because we would like to expose the tradeoffs among 
the receiver processing options that affect the time-bandwidth product characterization of the 
surveillance system, a simple energy detection, or radiometric, model is used. The principal pa- 
rametenzations of this model are the signal energy, the noise power spectral density, the bandwidth 
and the observation time. It is true that additional assumptions regarding the characterization of 
the signal component can be used to predict better performance. For example, specific stochastic 
fluctuation models for target modulation could replace our bandwidth characterization But the 
additional assumptions would have to be justified, and the resulting performance improvement 
would not change our conclusions about the suitability of the surveillance system for any purpose 
([8], pages 101-106). The loss of generality that results from using specialized and incomparable de- 
tection models would also make it difficult to develop an intuitive understanding of the surveillance 
system tradeoffs that point us toward the best possible architecture for a particular application. 

The detection problem consists of deciding between the following two hypotheses. 

• Hypothesis H 0 : Only noise is present at the detector input. 

• Hypothesis H\X Both signal and noise are present at the detector input. 

The detector model is shown in figure 5. We make the usual assumption that the noise appears 
to come from an additive zero-mean Gaussian source. An early reference for the application of the 
model to the detection of deterministic signals is found in [9], while a more recent treatment can be 
found in [10], section 4.3. The following facts about the detector are taken from those references. 

Suppose the input value is zero before time t = 0 and the detector bandwidth is B. When 
the detector is appropriately implemented, its output at some time t = T is a chi-squared random 
variable whose degree of freedom is equal to twice the time-bandwidth product, or 2TB. Under 
hypothesis H 0 the distribution is central, and under hypothesis H 1 the distribution has a non- 
centrality parameter value equal to the in-band signal energy E divided by the noise power spectral 
density tiq. Specifically, 


#o : y(t) ~ x 2 (0,2TB) and Hi : y(t) ~ * 2 ( — ,2TB). tj) 

n 0 

In order to apply the output of the detector to the problem of deciding between H 0 and 
Hi at time T, we compare the value y(T) to a threshold. If y(T) exceeds the threshold, then 
we declare Hi to be true. Otherwise H 0 is assumed to be correct. This method is a standard 
one-sided binary hypothesis test. The threshold is chosen so that the probability of false alarm 
p f (the probability of incorrectly choosing H x as true) is a small value. Then the probability of 
detection p d (the probability of correctly choosing H x as true) is determined by the value of the 
non-centrality parameter E/n 0 . All of these probabilities can be obtained from the distributions 7. 

It will be convenient to write E/n 0 as 
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Fiqure 5 The detection model allows analysis of the surveillance system detection per- 
formance as a function of signal energy, noise spectral density, the bandwidth and the 

observation time. 


311 



( 8 ) 


_ Pt-^eTd 
no n 0 


%vhere p t is the power flux given by equation 4 due to target scattering that is seen by the observer 
A e is the observer s effective (antenna) aperture, and the signal energy is collected over a time 
duration T d; Note that the time-bandwidth product TB that determines the distribution of y(T) 

is characterized by a time T which represents the detector's time interval of operation. The value 
Id may be less than or equal to T. 

Changes in various scenario parameters will be studied in the remainder of the report The 
effects on detection performance can be interpreted by understanding a few basic performance 
tradeoffs that are determined by the properties of the distributions 7 through manipulation of their 
parameters, the signal-to-noise ratio E/n 0 and the time-bandwidth product TB For the best 

detection performance we want the probability of detection Pi to be as large as possible for a small 
given probability of false alarm pj. 

Performance improves when the signal-to-noise ratio is increased. In terms of our model the 
signal-to-noise ratio can be increased by increasing the amount of signal energy collected (increas- 
mg the numerator of the right-hand side of equation 8), or by decreasing the value of the noise 
power spectral density n 0 (decreasing the denominator of the right-hand side of equation 8) Few 
readers would find this counter-intuitive. Less often considered is the fact that the detection per- 
formance can be improved by decreasing the time-bandwidth product. This feature of the problem 
is numerically illustrated in figure 6. K 

F ‘ gure 6 s J* ows the Probability of detection as a function of the time-bandwidth product for 
fixed vahies of the signal-to-noise ratio and the probability of false alarm. An increase in the time- 
bandwidth product increases the total noise energy, given by the product TBn 0 . If not offset by 
an increase in signal-to-noise ratio, detection performance suffers. 

i 0n * he other hand ’ ifT = T d and the time-bandwidth product is increased by increasing the 
value of T, then the signal-to-noise ratio is also increased through equation 8. In this case some 
improvement in detection performance is observed. The greatest performance increase is obtained 
when the signal-to-no.se ratio is increased by increasing T d = Twhile keeping the time-bandwidth 
product fixed. This can be done provided that the bandwidth B is reduced accordingly. When 
t e signal is a constant of duration T d , its bandwidth is approximately B = l/T d , so that the 
time-bandwidth product TB remains unity as T d increases with T = T d . 

A typical communications satellite transponder has a significant bandwidth, and although it 
is poss.b e theoretically to directly apply the detection model to such signals, the large detection 
bandwidths would provide the worst performance of all reasonable surveillance systems. The com- 
munications satellite transponder signal has a constant amplitude, or envelope, by design so that 
it is possible to implement a correlation type of receiver designed to recover the constant envelope 
of the signal. This constant envelope can be applied to a detector with an ideal time-bandwidth 
value of unity. In reality the envelope will be modulated by target cross-section fluctuations due 
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p d (PROBABILITY OF DETECTION) 



TB (TIME-BANDWIDTH PRODUCT) 

Figure 6. Changes in the time- bandwidth product causes detection performance to 
change. A signal-to-noise ratio of 10 provides useful detection performance only if the 
time- bandwidth is nearly minimum. 
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to the Changing aspect of a rotating target and the slowly changing observation geometrv. but this 
should be limited to a few hundred Hertz at worst. 

For these reasons, only correlation receivers are considered in the remainder of the report. 
Other minimal time-bandwidth receiver implementations may be possible, but their detection per- 

formance cannot be significantly better. The scenario parameterization changes are limited to those 
that affect the signal-to-noise ratio. 

2*4 The Correlation Receiver 

Figure 6 shows us the folly of contemplating any large-bandwidth sensor svstem. Generally we 
must tolerate any envelope bandwidth that is due to the target cross-section fluctuation. Depending 
on the scattering properties of the target and changes in geometry the bandwidth could be 100 Hz 
or so and quickly dominate the bandwidth due to the signal duration. The bandwidth due to the 
signal duration is roughly the reciprocal of the time that the target spends in the detection cell 
so the smallest time-bandwidth product is unity. At all costs we must avoid the communications 
satellite system s modulation bandwidth which is typically 27 or 36 MHz. The time-bandwidth 
product can only approach unity if there is no target cross-section fluctuation because, in this 
case, the signal bandwidth is approximately the reciprocal of the signal duration. Thus the next 
principle that we employ to improve the surveillance system detection performance is to compress 
the available signal energy into the smallest possible bandwidth. 

The principles of the correlation receiver are illustrated in figure 7. Assume that the signal 
due to direct transmission from the satellite transmitter and the signal due to target scatter can 
be separated m the receiver. A principle of separation will be discussed in section 2.5. The direct 
transmission from the communications satellite is received with a large signal-to-noise ratio and 
can presumably be recovered almost exactly. If it is appropriately delayed to account for path 
length difference and mixed with the signal component due to the target scatter, the envelope 
modulation of the resulting signal will be due to the target cross-section fluctuation. The resulting 
low-bandwidth signal can be applied to the radiation detection model. 

The relative delay between the signal components due to target scatter and the direct trans- 
mission is due to the path length difference. Presumably we know where the transmitter is, so the 
path length through the target can be estimated, placing the target somewhere on an ellipsoid. 
YVith an estimate of the direction to the target intersecting the ellipsoid the target’s position in 
three-dimensional space has actually been estimated. 

2.5 The Antenna Array 

In order to implement the correlation receiver we need to isolate the signal due to the trans- 
mitter from the signal due to target scatter. It has already been pointed out that when the commu- 
nications satellite is used as the surveillance system transmitter, the radiation from the transmitter 
an the scattered radiation from the target will fall on the observer simultaneously. They do not 
result in identical signal components, but the radiation from both sources are continuous. Thus we 
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Figure 7. The signal received directly from the transmission source, which is resolved 
from the target in angle, is reconstructed, delayed and used to recover the envelope of the 
signal due to target scatter . The resulting relatively low-bandwidth signal is applied to the 
energy detector. 


cannot trivially separate the signal due to target scattering from the signal due to the transmitter 
by time demultiplexing, as we would do in an active sensor with a transmitter that releases its 

energy in discrete pulses. 

Can the two signals be separated in frequency by a simple bandpass filter? The signal due 
to target scattering will be Doppler shifted relative to the signal associated with the transmitting 
source. It is difficult to imagine cases where the Doppler shift will exceed .01% of the center radiation 
frequency and typically it will be much less. Because the transmission sources are communications 
devices carrying information, their radiation band widths exceed the expected Doppler shifts by 
a fair margin. The spectra of the transmission source radiation and the target scatter will be 
overlapped so we cannot separate the signal due to target scattering from the signal due to the 
transmitter by simple frequency demultiplexing with bandpass filters. 

Angle demultiplexing remains a possibility. We have already established that the target and 
the transmitter as seen by the observer can be separated as much as a few degrees without senouslv 
reducing the forward-scattering enhancement. Therefore we assume that the surveillance system 
employs a principle that allows the various radiation sources to be separated in angle. An antenna, 
or an array of antennas, with sufficient physical extent to provide the required angle resolution would 
suffice. We will assume a multiple element array, because it includes a single element antenna as a 

special case. 
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, , \ i reC ‘ PrOClt ' the arra> ' might be P art of the transmitter or the receiver. The advantage of a 

ground-based transmitter and array clearly resides in the fact that the transmission waveform can 
e designed. In this case, the ground-based transmission scatters from the target to the commu- 
nications satellite and is relayed back to earth through the satellite's transponder. Ground-based 
transmitters somewhat more powerful than the communications satellite transmitter can be easily 
built at low cost. The ground-based bistatic transmitter-can still be less powerful than a conven- 
.onal monostatic transmitter because of the forward-scattering enhancement. The disadvantage of 
the ground-based transmitter lies in the fact that a transponder would need to be reserved for the 
exclusive use of the space surveillance system. In the remainder of this section the space-to-ground 
option is assumed. The emphasis is also on the detection of LEO targets. 

A conceptualized antenna array is shown in figure 8. There are N 2 parabolic elements in the 



THINNED L BY L ARRAY FILLED L BY L ARRAY 

figure 8_ The conceptualized antenna array consists of a square array of parabolic ele- 
ments. Fhe best detection performance is obtained when the array is filled. 


filled array, each with a physical aperture of *D*H. Thus the total physical aperture of the filled 
array is 


A p — 


_ xL 2 
4 ~ T" 


(9) 
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where L = ND is the size of the array. Because each side of the array is L units long, the angular 
resolution A of the array is 


where A is the radiation wavelength. The approximation in equation 10 is valid for small values of 
angle. From aperture sampling theory the unambiguous field-of-view of the array is iVA by A A, 
and within this field-of-view N 2 distinct beams can be formed in parallel fairly efficiently with, say. 
multidimensional fast Fourier processing. When we say that two objects can be resolved in angle 
we mean that they are separated in angle enough to be observed in the main lobe of distinct beams, 
a value of approximately at least A. 

Notice that the number of antenna elements N and their diameter D have dropped out of 
equations 9 and 10. Once we have decided on the type of array that we want to use, then the physical 
aperture and the angular resolution depend primarily on the size, or real estate, associated with 
the array. In the remainder of the report we will generally tradeoff aperture and angular resolution 
in order to investigate the detection performance of a lossless surveillance system. The tracking 
performance, the effect of processing losses and the cost of the surveillance system are not analyzed. 
These issues would be more directly affected by the tradeoffs between element size and the number 

of elements. 

If the power flux at the antenna is specified, say in units of W/m 2 , then it is tempting to 
multiply the power flux times the physical aperture of the antenna to determine the collected 
power. Because of losses this is not a good approximation of the collected power. Instead an 
effective aperture A e is used to scale the power flux to obtain collected power. We write 


Ak — vAp- 


(ID 


For a parabolic antenna an efficiency rj of .5 or greater is not. uncommon. 

Without justification we have completely filled the array with antenna elements that were 
placed closelv together. We could imagine thinning the array by deleting elements in the interior 
of the array, or increasing the separation between antenna elements. In section 2.6 it is shown that 
the filled array provides better detection performance. 

2.6 Aperture and Detection Time 

The product of the effective aperture .4 e and the target detection time Td, the aperture- time 
product, can be altered by the configuration of the antenna array. We know from section 2.3 and 
equation 8 that if we can maximize this product without adversely affecting the values of other 
variables that determine the signal- to- noise ratio and the time-bandwidth product, then we can 
improve performance. What array characteristics maximize the aperture-time product, and hence 
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improve target detectability? 
largest aperture-time product. 


In this section we show that a filled array is associated with the 


First we consider how to manipulate the array characteristics to increase T d . If we continue to 
restrict ourselves to detection of the target within a single beam, then the detection time is limited 
o the time that the target is in the beam. The spot diameter of the beam s at a range R 0 from 
the observing array of diameter L is 


A 

■s = 2 R 0 tan — ~ R 0 A 


( 12 ) 


where the resolution A is given by equation 10. 

If we assume that a target flies through the center of the spot at velocity v normal to the 
line-of- sight from the observer, then the detection time T d is given by 


T d = 


s 

V 


2 R 0 A 

tan — 

v 2 


Ro A 

7T 


(13) 


Hence the target detection time depends on the size of the array, and the smaller the 
longer the detection time. 


array the 


Then how can we maximize the effective aperture for an arrav of a given size? Within the 
context of our simple array of parabolic elements, we obtain the maximum effective aperture by 
completely filling the array, placing the elements as closely as possible. We would not want to thin 
the array, because any such configuration leads to an array with a smaller aperture-time product. 
Ihe analogy holds with other array element types. 

Thus it seems clear that if we wish to increase the size of the array, then in order to maintain 
the largest possible aperture-time product we must add elements to the array as it grows, keeping 
it filled. If we want to reduce the number of elements in the array, then in order to maintain the 
largest poss.ble aperture-time product we must decrease the size of the array, keeping it filled. 

We can now consider how the aperture-time product changes as the filled arrav grows Closer 
examination of equations 9, 11, and 13 reveals that 


i rp tjttL/Rq A 

A e lri 

4v 


(14) 


so that the aperture- time product grows about linearly with the array size L. This is less than 
the quadratic growth of the aperture alone because target detection time is decreasing. The conse- 
quence is that the detection performance does not grow as fast with increasing arrav size as in the 
monostatic surveillance case. 
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We have used the detection model to justify the previous decision in section 2.5 to fill the 
antenna array. In general we will want an array with the largest possible effective aperture for 
its physical size. Thus another principle that we will apply to the surveillance system in order to 
improve its detection performance will be to use antenna arrays associated with large aperture- time 

products. 

2.T Trajectory-Based Predetection Processing 

Once we have maximized the detection performance for a target passing through a single array 
beam, we wish to consider how the results are extended to multiple array beams — a super-beam. 
Suppose that the surveillance system, when attempting to detect a target passing through a single 
beam, processes k independent detection tests per unit time. With a probability p f of a false alarm 
from each test, the expected number of false alarms F x for the single beam detection system in T 

time units is 


Now suppose that j possible target trajectories, each traversing exactly m array beams are 
postulated For the trajectory that actually corresponds to the target motion, the duration of the 
signal becomes approximately mT d , ignoring the fact that the target actually dwells a different 
time in each beam. The time T d is the target dwell time in a single beam. Then the signal-to-noise 

ratio E/n 0 becomes 


E_ _ ptA^mTd (16) 

n 0 no 

an improvement in the signal-to-noise ratio by a factor of m over the single-beam case. If we 
continue to assume that T = T d and that B = 1/T then the time-bandwidth product remains at 
unity and the improvement in signal-to-noise ratio will directly improve the surveillance system 
detection performance. 

Note however that the surveillance system is presumably now performing jk detection tests 
per unit time, so that the expected number of false alarms F m for the m beam trajectory case 
becomes more like 


F m = PfjkT, '"I 

ignoring the fact that the trajectories may not be completely independent. To keep the expected 
number of false alarms per unit time constant, the detection threshold could be adjusted so that 
the probability of false alarm is reduced to Pj /j and part of the benefit of the increased signal- 
to-noise ratio would be lost. Overall detection performance will still improve as the number of 
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beams processed before detection is increased, provided j is not too large. Another approach is 
to allow the false alarm rate to rise, at least a bit. and employ postdetection data processing to 
eliminate most of the false alarms. Our final principle for improving the detection performance of 
the surveillance system is therefore the application of trajectory-based predetection processing. 
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3. SURVEILLANCE SYSTEM PERFORMANCE 

The modelling elements of the previous section may be combined to solve for the minimum 
detectable projected target area. Assume that 
Pt is the power flux that the target scatters onto the observer. 
p T is the power flux that the illuminator could place directly on the observer. 

R, is the distance from the illuminator to the target, 

R 0 is the distance from the observer to the target, 

R r is the distance from the observer to the illuminator, 
a is the cross section of the target, 
z is the signal-to-noise ratio E/n 0 , 

K is the Boltzmann constant, and 

T s is the characteristic temperature of the receiver. 

Now using an isotropic scattering model as in equations 3 and 4 it is possible to write 

_ prR^a (18) 

Pt ~ 4-RfRl 


so that 


cr = 4~ 


RlRp 

Rr 


El 

Pt' 


(19) 


Equation 19 is valid for any bistatic angle. In most cases we are interested in the minimum 
detectable projected target area for bistatic angles near 180 degrees. This value ,s obtained by 
setting aj equal to the value of a obtained from equation 19 and solvmg equation 1 for A. In this 

case we also set R r — R\ + Ro an d obtain 


A = 


R,R 0 A 



( 20 ) 


By definition of the receiver system temperature 


n 0 = A T s , 


( 21 ) 
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and from equation 16 


— Zn ° 

Pt A e mT d (22) 

With substitutions from equations 9, 11, 13, 22 and 21 it is possible to obtain the minimum 
detectable target cross section from equation 19 or the minimum detectable projected target area 
from equation 20. The value of , used should be the one that provides the smallest acceptable 
probability of detection for a given rate of false alarm. 

The graphs in this section are obtained with the exact forms of equations 10 12 and 13 
but the smaU angle approximations available for those equations yield a simple approximation for 
equations 19 and 20. We obtain 


a ^ 16 


Ri\* RoKTsZv 
Rt ) r)Lp r m\ 


(23) 


and 


A ~ 2- 


R, / R 0 KT 3 zvX 


Ri + R 0 y 7 rr)Lp r m 


(24) 


We recall that 

A is the radiation wavelength, 

Tf is the antenna efficiency, 

L is the size of the L by L antenna array, 
m is the number of array beams processed for detection, and 

v is the velocity of the target through the beam center and normal to the observation bore- 
sight. 

From equation 24 it is easy to see the approximate dependency of the minimum detectable projected 
target area on most of the variables. In most cases there is an inverse square- root dependence. Only 
the dependence on distances remains a bit obscure. 

3.1 The Baseline System 

We will vary the parameters that characterize the surveillance system, but we wish to specify 
a baseline system that will be used as a design reference point. The approach throughout has 
been to use simple enough assumptions that the basic principles that determine the surveillance 
system performance can be studied, and the tradeoffs understood. The numerical predictions of 
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performance will inevitably appear to be a lower bound, but our goal is to be correct within a factor 
of two or three in calculating a minimum detectable projected target area under various conditions. 

RECEIVER 

• lossless single-beam processing 

• from 1 by 1 meter to 100 by 100 meter antenna array 

• signal-to-noise ratio z of 10 

• time-bandwidth product of unity 

• antenna efficiency r? of .5 

• system temperature T s of 100 degrees Kelvin 

• boresight elevation of about 90 degrees 

TARGET 

• 500 km height 

• 7 km/s velocity normal to boresight 

• bistatic angle nearly 180 degrees 

TRANSMITTER 

• 800 km height 

• 20 GHz carrier frequency 

• 10 -12 W/m 2 on the ground 

• illuminates target as necessary 

The baseline surveillance system is a LEO system, looking at LEO targets between the trans- 
mitter and the receiver at bistatic angles of about 180 degrees. The bistatic angle is assumed to be 
so large that the maximum forward-scattered cross-section enhancement is obtained. 

The transmitter is at 800 km altitude and places 10 -12 W/m 2 on the ground. Although 
many existing communications satellite systems produce lower flux levels, some produce more. We 
assume that whenever the target is within the beam of the receiving antenna, the target is being 
illuminated by the transmitter. This requires at least some good operational procedures, and in 
some cases the antenna pattern of the transmitter may not be adequate. However, communications 
satellites usually have the smallest antennas, and hence the widest beams, making it easier to satisfy 
this assumption than if orbiting antennas were as large as communications engineers would like. 

The baseline target is at 500 km altitude. Its projected area is unspecified. We will calculate 
the minimum value of the projected area in order to achieve at least 10 dB signal-to-noise ratio as 
various parameters are varied. It is unlikely that a target wiU be traveling exactly 7 km/s through 
the center of the receiver’s antenna beam, yet this is what we assume. Some targets will be moving 
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faster, some slower, because the receiver is presumably tracking the transmitter. It could be easier 
to detect targets moving almost parallel to the transmitter because their relative velocity through 
the moving beam will be slower than 7 km/s. 

Processing in the receiver is assumed to be lossless, and so the minimum detectable projected 
target area that we calculate will be a goal, rather than a guarantee. The antenna array size is 
varied in each performance graph from 1 to 100 meters, the latter size being exceptionally large. 
At the projected target areas that we calculate, barely 10 dB signal-to-noise ratio is achieved. In 
reality most operational surveillance systems operate at larger values. Referring to figure 6 we 
see that for the probabilities of false alarm and target detection to be at all reasonable at this 
signal-to-noise ratio, we must assume a time-bandwidth product of unity. Commonly the target 
would be said to be coherent. Antenna efficiency and system noise temperature at the surveillance 
system frequency of 20 GHz are slightly optimistic also, at .5 and 100 degrees Kelvin respectively. 

3.2 Parametric System Performance 

Here we consider, numerically, tradeoffs in simple surveillance system parameters. The pa- 
rameters varied are of physical interest at the system level. Their variation affects the detection 
performance through the signal-to-noise ratio and the time-bandwidth product as detailed in sec- 
tion 2. Although in most cases we have already argued what the effect of each variation will be, it is 
important to test those arguments with the numerical model. For example, we know from figure 4 
that moving the transmitter of a surveillance system with a fixed power flux at the ground level 
from LEO to GEO will increase the losses through the target path relative to a clear reference path. 
But the receiver antenna beam is wider at high altitude and the HEO target will move through 
the beam more slowly than a LEO target, increasing the signal duration available for detection 

processing. These are conflicting effects and we will have to apply the full detection model to see 
what happens. 

In figure 9 the lossless detection performance of the LEO baseline surveillance system is shown. 
Our assumptions allow the computation of both a minimum detectable target cross section and 
a minimum detectable target projected area. The two quantities are related through the forward 
scattering equation 1. The effect of forward scattering is significant unless the projected target areas 
are so small that d/X approaches unity. In the later graphs, when the baseline surveillance system 
is compared to other systems, only the minimum detectable target projected areas are graphed as 
one baseline variable is changed. 

One of the simplest effects to anticipate is that communications satellite systems that place 
a larger power flux on the ground will be more effective illuminators for the surveillance system. 
The detection performance is shown in figure 10 for three different flux levels. Most of the existing 
communications satellite systems place 10 -12 W/m 2 or less on the ground. This is the baseline 
value. However some existing systems produce larger flux values. Communications satellite systems 
that produce larger flux values can provide a more reliable service. The economics of commercial 
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Figure 9. The forward-scattering effect significantly improves the surveillance system’s 
detection performance. The observed cross section is much greater than the target's pro- 
jected area. 
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Figure 10. There do not appear to be any current communications satellite systems that 
place as muck as 10“ 9 W/m 2 on the ground . 
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mobile communications demand that the number of accidentally terminated services be reduced, 
so power fluxes will probably increase in the future. 

Equation 2 predicts that increasing the radiation frequency will improve performance. The 
effect is shown numerically in figure 11. Communications satellite systems will probably not operate 



Figure 11. In the near term, communications satellite systems mth frequencies as high 
as 30 GHz may be routinely built. 
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much over 30 GHz for the foreseeable future. This frequency does not provide a large advantage 
over the baseline assumption of 20 GHz. The advantage of searching for targets near the transmitter 
can be seen in figure 12. This effect is predicted by equation 5 which shows that path losses will 
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Figure 12. Improved performance ts obtained when the target is 50 km from the transmit- 
ter instead of 300 km. Since the bistatic angle is nearly 180 degrees , there is no significant 

change in the total propagation path length in the two cases. The transmitter altitude is 
800 km. 
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be less when the target is near either the transmitter or the observer. Remember that we have 
assumed that the target is illuminated as long as necessary for it to pass through the receiver 
antenna beam. This assumption may be challenged as the target nears the transmitter. Also if 



Figure 13. Moving the transmitter from LEO to GEO will decrease the LEO target de- 
tection performance . even though the GEO transmitter is assumed to be more powerful 
so that it places the same power flux on the ground as the LEO transmitter. The target 
altitude is 500 km. 



we restrict ourselves to targets near the transmitter we will encounter larger processing losses (the 
target and the transmitter will be separated less in angle from the observer's viewpoint) and we will 
see fewer targets due to the smaller volume of space that is searched. Equation 6 also predicts that 
a LEO transmitter might be more effective than a GEO transmitter even though both transmitters 
put the same power flux on the ground. The effect can be seen in figure 13. 

In section 2.7 it was argued that the time for detection could be extended by trajectory- based 
processing assumptions. The resulting performance improvement is optimistic because it does not 
take into account the false alarm rate which will increase to a new value depending on how the 
trajectory assumptions are incorporated into the detection scheme. The scheme is only possible 
because, in some cases, the target will be illuminated by the transmitter for a period of time 
longer than the time that the target stays in one beamwidth of the receiver antenna. This is not 
generally the case for a monostatic sensor with the transmission and reception antenna patterns 
nearly identical. The effect is shown in figure 14. Its application might be ultimately limited by 
the illumination geometry, or by computational restrictions. 

Figure 15 compares several hypothetical surveillance systems. We have discussed a number 
of bistatic sensor optimization principles. It is interesting to see what happens in the following 
surveillance systems as many of the variables are changed together from one system to the next. 
We have already discussed the baseline surveillance system, which uses a LEO transmitter radiating 
10-12 W/m 2 onto the ground from 800 km altitude. The target passes through a single beamwidth 
of the receiver antenna at 500 km altitude and at 7 km/s. 

The Advanced Communications Technology Satellite (ACTS) is an unusually powerful com- 
munications satellite (60 dBW EIRP) in GEO. The ACTS satellite can put more than 10" u W/m 2 
on the ground. Because of its greater power and the fact that HEO targets can be expected to spend 
a longer time in the receiver antenna beamwidth than a LEO target, the ACTS might be used to 
detect HEO targets smaller than the LEO targets detectable by the baseline surveillance system. 
These additional factors governing the ACTS scenario overcome the tendency of a LEO surveillance 
system to perform more poorly as the transmitter altitude is raised. The target is 5000 km from 
the communications satellite transmitter that is at 38500 km altitude and the target is assumed to 
be traveling at 3 km/s through the receiver antenna beam. The frequency of operation is the same 
as the baseline 20 GHz. 

The U.S. NAVSTAR GPS and the Russian GLONASS satellites have been considered as 
illuminators for an air-defense system, for example in [11]. These satellites have similar attributes 
as illuminators. They orbit at about 20,000 km altitude, radiate from about 1200 MHz to 1600 MHz. 
and place about 10 W/m at ground level. The increased altitude, lower frequencies, lower flux 
levels and change in the fractional height of the LEO target are all disadvantages compared to 
the baseline system. The GPS and GLONASS satellites could not be used to detect LEO targets 
smaller than about 10 m 2 . Used as illuminators for air-defense the fractional height disadvantage 
is somewhat mitigated and detection performance improves. 
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Figure If. If the target is illuminated over several receiver beamundihs, then an im- 
provement in detection performance can be gained by attempting detection over several 
beamwidths. The false alarm rate will also increase to a new value that depends on details 
of the implementation unless a smaller probability of target detection is tolerated, so the 
improvement shown is optimistic. 
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Figure 15. By postulating a number of surveillance systems that each utilize some of the 
principles outlined in section 2 several possibilities for detecting targets of .1 mr projected 
area or smaller are possible. 



If future LEO communications satellite place larger power fluxes on the ground at 30 GHz. 
they will be more useful for the detection of LEO targets than the baseline surveillance system. The 
future LEO surveillance system is illuminating a target 50 km away, a relatively small distance, from 
an altitude of 800 km. The proposed communications satellite transmitter can put 10 1 \\ /m 

on the ground. The example further supposes that a target trajectory passing through 10 receiver 
beamwidths at 7 km/s was observed and, as usual, processing was lossless. 

The biggest surprise concerns how well the ground-to-ground surveillance system will work 
with very low°altitude targets. The uplink transmitter parameters are similar to those found in 
[12], section 9.2. The relatively good performance is due to the fact that uplink transmitters for 
GEO communications satellites are fairly powerful (75 dBW EIRP) compared to communications 
satellite transmitters, and the target is only at a 500 km altitude traveling at 7 km/s. This uplink 
transmitter is assumed to radiate at the baseline frequency value of 20 GHz. Because large bistatic 
angles cannot be realized for the ground-to-ground surveillance system, it was assumed that the 
target cross section and the projected area of the target are the same in this case. The hypothetical 
system does not perform as well as an operational space surveiUance radar because the uplink 
transmitter is 30 dB or more less powerful. 

Calculations for the latter two surveiUance systems yield minimum detectable projected target 
areas below .001 m 2 . This implies that the characteristic dimension of the smallest detectable 
targets for these surveillance systems are on the order of the radiation wavelength. This represents 
a fundamental limit of the modeling ideas employed. We might be suspicious of calculations for 
postulated surveillance systems that yield smaller minimum detectable area values unless higher 
frequencies were employed. 

To obtain sharper results it is necessary to include processing losses for particular imple- 
mentations and to include more subtle effects of geometry. We have assumed that the target is 
iUuminated for as long as it stays in the receiver’s antenna beam and that forward-scattering en- 
hancement is always available. We have assumed that the target travels through the center of the 
beam at 3 km/s in HEO and at 7 km/s in LEO in order to determine the time available for target 
detection. Miller [13] has correctly pointed out that the requirement for a large bistatic angle might 
determine a different value for the detection time and significantly effect the surveillance coverage 

in general. 
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4. DISCUSSION 


4.1 Summary 

We have considered the detection performance of a number of bistatic sensor systems that 
make opportunistic use of existing communications satellites. This report has emphasized a space- 
to-ground surveillance system that uses an existing communications satellite transmitter to in- 
cidentally illuminate a target while the satellite is performing its normal (probably commercial) 
communications function. A special receiver would be needed on the ground to complete the surveil- 
lance system. State-of-the-art communications satellites put between 10" 16 and 10' 12 W/m 2 on 
the ground A space-surveillance radar transmitter, if it could be operated in orbit, could place a 
ux of 10 W/m on the ground from GEO. Thus the bistatic surveillance systems under consid- 

eration are underpowered by operational radar space-surveillance standards and their design must 
be optimized. 

Besides utilizing an existing piece of communications equipment, the surveillance concept 
also allows for a variety of interesting bistatic geometries. As discussed in section 2.1 the largest 
target cross section is typically seen at a bistatic angle of 180 degrees. At a bistatic angle of 
180 degrees, a 20 cm diameter sphere illuminated at 20 GHz exhibits a cross section that is 32 dB 
greater than its monostatic cross section. Similar enhancements are expected for complex targets 
of similar size. The enhancement effect is not significant (and the model is not necessarily valid) 
unless the ratio df A is much greater than one, where d is the characteristic dimension of the target 
and A ,s the wavelength of the radiation. 1 The enhancement effect decreases as the size of the 
object decreases for a fixed illumination wavelength. Nevertheless, bistatic geometries where the 
transmitter, target and observer are nearly colinear can provide a useful cross section advantage 
The enhancement increases with increasing frequency. The enhancement also remains significant 
within a few degrees of its maximum for typical targets and illuminating frequencies. The forward- 
scattering enhancement effect lead us to consider observation geometries with large bistatic angles. 

The power received directly from the transmitter will be more than 100 dB greater than the 
scattered power received from the target in all cases of interest. This large dynamic range places 
a burden on any processing system that must handle the combined responses from the transmitter 
and the target. By analyzing a simple power flow model that assumes only the forward scattering 
geometry in section 2.2 we found that the power flux at the observer due to the target scattering is 
increased by searching for targets of a given size near the transmission source or near the observer. 
Power flux due to target scattering is at a minimum when the target is equidistant from the 
transmitter and the observer. Communications satellite systems at various altitudes tend to put 
the same power on the ground to provide a constant quality of service for ground stations of fixed 


1 This restriction actually affects the performance of all microwave sensing systems somehow, and 
is not particularly a weakness of the bistatic sensors examined in this report. 
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design and size. We found that the ratio of the power received via scattering from the target to 
the power received through a clear reference path from the transmitter to the observer increases 
as the distance between the observer and the transmitter decreases. Thus, for example, if two 
communications satellite systems are designed to put 10" 12 W/m 2 on the ground, one operating 
from LEO and one from GEO. the bistatic surveillance system using the LEO transmitter will have 
better detection performance. These are peculiarities of purely geometric properties. 

We discovered the preceding tradeoffs without discussing the detection model. We assumed 
that if a tradeoff increased the target-scattered power flux at the observer, detection performance 
would improve. In order to investigate more complex phenomenon including the effect of the 
duration of the target illumination, we chose a basic energy detection model in section 2.3 with a 
performance determined by the signal-to-noise ratio and the time-bandwidth product. Generally 
detection performance improves if either the signal-to-noise ratio is increased or the time-bandwidth 
product is decreased while the other quantity is held constant. 

Transponder bandwidths dominate the bandwidth of the scattered radiation, having 27 and 
36 MHz bandwidths typically. Using the detection model we observed that the bandwidth of 
the surveillance system should be reduced to as small a value as possible. This leads to the 
postulation of a correlation receiver in section 2.4 that could recover the signal envelope and reduce 
the required bandwidth to at least the reciprocal of the signal duration but no more than the 100 Hz 
or so bandwidth due to target cross-section fluctuation. Other minimum time-bandwidth receiver 
implementations would exhibit similar detection performance. 

The signal component associated with the transmitter illumination and the potential signal 
due to target scattering must be separately available in order to implement the correlation receiver, 
which is based on a signal mixing principle. This signal separation can be accomplished by resolving 
the potential target and the communications satellite transmission in angle. Angle resolution can 
be accomplished by a beam-forming antenna array as proposed in section 2.5, possibly with sidelobe 
cancellation techniques. Using the detection model we discussed maximization of the aperture-time 
product in section 2.6, as determined by the array configuration, to improve surveillance system 
detection performance. The antenna array model that we proposed was general enough to show 
that no matter how many antenna array elements are used, the array should not be thinned (the 
array elements should not be moved further away from each other than necessary). Removing 
elements from the array, or separating the elements would cause the aperture-time product to be 

reduced. 

The minimum detectable projected target area was calculated in section 3.2 to demonstrate 
the preceding tradeoff analyses. Most of these calculations were based on an assumption that 
the detection time was limited by the time that the target takes to fly through a single fixed 
antenna beam. By assuming possible trajectories for the target, signal energy can be collected 
over multiple array antenna beams before detection, improving the detection performance. This 
is a useful concept, discussed in section 2.7, when the target is illuminated longer than it requires 
to pass through a single receiver antenna beam. This approach does not make sense in an active 
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staring monostatic sensor that has an illumination antenna pattern that is nearly the same as its 
receiver antenna pattern. 

Ignoring processing losses, in the near term it appears that a reasonable technical goal for 
a surveillance system based on these principles might be the detection and tracking of .1 m 2 
area targets. This is about 3 orders of magnitude larger than the projected areas of the 1 cm 
LEO targets that generally elude the current space-surveillance system. A GEO communications 
satellite such as the ACTS can provide a capability for GEO targets also. Perhaps surprising, the 
performance of a ground-to-ground surveillance system that accidentally illuminates LEO targets 
with the communications satellite system uplink transmitter might provide the best near-term LEO 
performance. 

In the future communications satellite systems may be placing 10" 10 VV/m 2 or more on 
the ground in urban areas in order to reduce the number of blocked and accidentally terminated 
transmissions to hand-held terminals with omnidirectional antennas. Their frequencies of operation 
may rise to 30 GHz to utilize new portions of the spectrum and also to reduce the antenna size 
requirements. Both of these future developments would improve the performance of the space-to- 
ground surveillance system. 

The minimum detectable projected target areas under some assumptions were small enough 
that the characteristic sizes of the smallest targets were on the order of a radiation wavelength. 
This condition can be regarded as a practical limit of conventional microwave surveillance sensors. 
Under such conditions the cross section of the target is not guaranteed to be simply related to its 
projected area. 

4.2 Potential Applications 

As evidenced by figure 15, there are a number of possible parasitic systems that could detect 
and track payload and rocket-body class targets in LEO or HEO, in fact anywhere that there is a 
suitable transmitter nearby. We assume that all viable architectures use an existing transmitter 
because of its cost to build and maintain, in space or on the ground. It might come as a sur- 
prise that these flea-powered systems could be used at all, considering the expensive and powerful 
transmission hardware that is used in the current space-surveillance system. These parasitic sys- 
tems utilize transmitters with peak power equal to their average power, generally the simplest and 
most inexpensive way to deliver power to a load. A transmitter in a monostatic radar operating 
at 10% duty cycle must be designed to deliver peak powers 10 times greater than the system's 
average illumination power, increasing its cost and complexity. Also, as evidenced by equation 1 
and figure 9, forward-scattering enhancement provides a significant cross-section advantage. Thus 
if nothing else, thinking about the technologies needed to implement these parasitic systems might 
lead to more efficient and less expensive surveillance radars. 
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4.2.1 Ground-to-Ground Systems 

The smallest technical risk is associated with a ground-to-ground surveillance system us- 
ing the communications satellite uplink as a LEO target illuminator. Except for the wideband 
continuous-time illumination, the system need not be very different from existing multistatic and 
monostatic systems. The system is operated at small bistatic angles. Forward scattering enhance- 
ment is not involved. Therefore placing the receiver over the horizon from the transmitter, or 
anywhere that it is sufficiently shielded, should make it possible to recover the weak scatter from 
the target without being jammed by the uplink. In order to implement an envelope detection 
type of receiver as discussed in section 2.4, some arrangement might be made to obtain a reference 
signal from a cooperative uplink. Another possibility is to receive the downlinked signal from the 
illuminated communications satellite transponder which is at a different (typically lower) frequency 
and translate it to obtain the local receiver reference signal. 

The ground-to-ground system is limited to the detection of LEO targets and its coverage of 
the LEO environment is limited. A more interesting system might combine a ground-to-ground 
system with a space- to-ground system for illumination of HEO targets and a larger number of LEO 
targets than those illuminated by the uplink alone. The space- to-ground system, which utilizes 
forward scattering enhancement, faces additional technical challenges. This scheme could utilize 
all of the transmitters in a given communications satellite system. 

4.2.2 Space-to-Ground Systems 

In section 2.2 it was shown that the sensitivity of a bistatic radar can be expected to improve 
as the target nears the transmitter or receiver. Therefore space- to-ground systems that utdize 
a GEO communications satellite transmitter are best used to detect and track targets in HEO 
or LEO, while LEO communications satellites are best used to illuminate LEO targets. Here by 
best is meant the situation that allows the detection and tracking of the smallest targets. Such 
parasitic bistatic radars will not be as sensitive as existing monostatic surveillance radars because 
the transmitters have much less average power. Improving the performance of these space- to- ground 
systems involves a technical risk that follows from the need to take advantage of forward scattering 
enhancement. 

It is well known that the target has the greatest cross section, and hence the smallest targets 
are detectable, at a bistatic angle near 180 degrees, as discussed in section 2.1. The effect persists 
within a few degrees of the optimum geometry. This advantage is very pronounced when the target 
dimension is many wavelengths, but goes away as the target size decreases to a wavelength. Thus 
the forward scattering geometry is only advantageous when the system sensitivity is not great 
enough to detect targets on the order of a wavelength at small bistatic angles anyway. We found 
from figure 9 that typical space- to-ground system sensitivities are such that forward scattering does 
provide an advantage, without it the smallest targets that can be detected are many wavelengths 
in size. Therefore we consider the forward scattering case and its technical risk further. 
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When the receiver, target and transmitter are nearly colinear in order to utilize the forward 
scattering enhancement, recovering the weak target scatter in the presence of the strong direct 
illuminator radiation must be considered. The scatter from the target is much weaker than the 
direct illumination on the receiver as evidenced by figure 4. Typical schemes for recovering the weak 
target scatter rely on the fact that the forward scattering enhancement persists at bistatic angles 
slightly less than 180 degrees, when the transmitter, target and receiver are not quite positioned 
along the same line. 

There are several ways to exploit the slight non-colinearity. In a one scheme, the transmitter 
transmits a sinusoid, so that the Doppler shift in the scattered return from a target allows it to 
be separated from the direct transmission with a bandpass filter. The relative Doppler shift in the 
target scatter vanishes of course as the target crosses the line between the transmitter and receiver, 
hence the non-colinearity is required. Another common scheme pulses the transmitter so that the 
scatter from a target arrives at the receiver while the transmitter is turned off. Of course there is 
no relative time delay between the target scatter and the direct transmission when the target lies 
directly on the line between the transmitter and receiver. Again the non-colinearity is required. 
These are examples of schemes that allow the target scatter, at more than 100 dB below the power 
received directly from the transmitter, to be recovered without being jammed in the receiver by the 
direct illuminator transmission. An excellent overview with references is found in [14], particularly 
section 1.4. 

If an existing communications satellite is utilized, its transmissions will be neither pulsed nor 
sinusoidal. It radiates a wideband waveform continuously. The missing technology is a demon- 
stration of the ability to operate parasitic radars at very large bistatic angles with a wideband 
continuously radiating illuminator. No reference providing evidence that this technology has been 
demonstrated was found by the author. In a very recent article, Koch and Westphal [11] have only 
succeeded in recording the power fluctuations that occur in a Global Positioning System satellite 
receiver as large aircraft and spacecraft pass between the transmitter and the receiver. Furthermore 
their accomplishment is not unique. 

In this report one possible solution employing angle diversity was suggested in sections 2.4 and 
2.5. Angle diversity is a way of taking advantage of the slightly non-colinear relationship among the 
positions of the transmitter, target and receiver. Other solutions may be possible. In any case it is 
very important to remember that any solution must embody a minimal time- bandwidth receiving 
system. As illustrated in figure 6, a system with larger time-bandwidth product is likely to perform 
so poorly that the forward-scattering advantage will be lost anyway and the designer might as well 
fall back to the case of small bistatic angles. 

4.3 Small Aperture Space-to-Ground Systems 

In section 2.5 where the antenna array model is described, it is stated that only the size of 
the array directly affects the target detection capability. The minimum detectable projected target 
areas can be achieved with a single element antenna as well as an array of the same size with many 
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elements, provided that the in both cases the receiver is equally implementable. A single element 
antenna is simpler than an array. 

Also note from the approximate expression 24 and, say, figure 15 that the minimum detectable 
projected target areas do not depend strongly on the antenna size so that a system with one square 
meter of aperture will be able to see objects with an area only ten times greater than an object 
detectable with a 100 meter by 100 meter array! Such objects might have characteristic dimensions 
only slightly more than 3 times the dimensions of the smallest object detectable by the system 
with the 100 by 100 meter array! When put his way, it becomes interesting to think about a 
parasitic space-to- ground surveillance system with a small dish antenna that would fit in a truck, 

for example. 2 

How could we implement the system without a large number of elements? The answer will 
not be determined in this report. However, because of the large intensity difference at the receiver 
between the target scatter and the direct transmitter illumination, nulling may play a role. Suppose, 
only for example, that a single antenna is aligned to receive the direct transmission from the 
illuminating satellite with maximum gain. A second identical antenna might be aligned so that 
its maximum gain is achieved at an angle corresponding to an angle of minimum gain for the 
first antenna. The second antenna achieves some rejection of the signal contribution due to direct 
illumination by the communications satellite. Furthermore, the signals from the two antennas can 
be combined to adaptively null this contribution from the second antenna beyond the amount of 
rejection due only to the antenna patterns. Further signal- to-clutter improvement might be achieved 
bv processing that takes advantage of the structure of the signal associated with the illuminator, 
tvpically frequency modulation. The final signal-to-clutter ratio that could be achieved would limit 
the performance of the small aperture system. Only two small antenna elements have been used, 
hence the complexity of the antenna array is minimal. 

4.4 Conclusions 

Several architectures for a parasitic radar that utilizes an existing component of a satellite 
communications system seem possible for the detection and tracking of payload and rocket-body 
size targets. For LEO targets the best detection performance will probably be obtained with a 
ground-to-ground system that uses a satellite uplink as a target illuminator. For greater surveillance 
coverage, including HEO, a space- to-ground system utilizing a communications satellite transmitter 


2 From equation 24 it is clear that the minimum detectable projected target area depends weakly on 
many variables. Improvements in system temperature, transmitter power, antenna array size and 
so forth are rewarded by only a square-root improvement in the detectable area. For this reason the 
use of multiple illuminating sources and wide-band receivers is also an expensive way to improve 
the detection performance, although technically not difficult to imagine. 
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and forward scattering enhancement might be postulated, but the illuminator tends to jam detection 
of the weak target scatter in the receiver at large bistatic angles. 

A demonstration of a receiving system that operates at large bistatic angles with wide-band 
continuous-time illumination of the target appears to be the new technology that is required for 
a space-to-ground system. There is only a weak dependence of the detection performance of this 
system on antenna array size, so smaller and relatively inexpensive systems become interesting 
The required technology can be demonstrated by achieving reasonable signal-to-clutter ratios in a 
small aperture space-to-ground system. 
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